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about the driveshaft tube adjacent the end receiving the 
neck. The inductor is energized to generate a magnetic field 
for collapsing the driveshaft tube about the neck at a high 
velocity so that the driveshaft tube and the end fitting are 
welded to each other. 
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METHOD OF MAGNETIC PULSE WELDING mit torque between two rotating parts. Aluminum, which is 

AN END FITTING TO A DRIVES HAFT TUBE typically used in driveshafts, is a notch sensitive material, 

OF A VEHICULAR DRIVES HAFT and is subject to cracking where it is stressed by being 

deformed into shapes having relatively large contours. Also, 

This application is a continuation of Sen No. 10/136,949, 5 when torque is applied to the driveshaft in the vehicle, there 

filed Apr. 30, 2002, now U.S. PaL No. 6,531,688, issued is a small amount of slippage between the yoke and the 

Mar. 11, 2003, which was a continuation of application Ser. driveshaft tube which produces a loud and irritating sound. 

No. 09/346^66 filed Jul. 1, 1999, now U.S. Pat. No. This has resulted in a large number of consumer complaints. 

6379,254 issued Apr. 30, 2002, which was a division of Ser. Besides that, magnetic pulse forming gives good mechanical 

No. 08/880,177 filed Jun. 20, 1997, now U.S. Pat. No. 10 strength results only as long as the torque is not too high. But 

5,981,921 issued Nov. 9, 1999. with a high level of torque, as measured with fatigue tests, 

the life of the driveshaft is reduced considerably. 

BACKGROUND OF THE INVENTION A large number of revisions have ^ made ^ order to 

The present invention relates generally to a method of attempt to solve those problems. Unfortunately, all of these 

fabricating automotive driveshafts and more specifically, to 1S have been unsatisfactory. There is therefore a need to 

a method of attaching metal end-fittings such as an auto- provide a solution which permits the advantageous use of 

motive U-joint yoke and sp lined tube shaft to tubular shafts magnetic pulse fields for swaging a tube and the advanta- 

which rotate at speeds and transmit torque and axial forces geous use of the welding process for joining the end-fitting 

such as when in use as a vehicle driveshaft. and the aluminum driveshaft tube. 

In general, a vehicular driveshaft transmits torque from a 20 A known prior art method of pressure welding is based on 

transmission to an axle to drive selected wheels of a vehicle. the use of interaction of magnetic fields, produced by an 

A driveshaft operates through changing relative angles inductor through which an impulse of high intensity current 

between the transmission and the axle. Furthermore, a is passed. The parts to be welded are positioned in spaced 

driveshaft expands and contracts in response to road condi- relation at an angle therebetween and the method can be 

tions when the vehicle is operated. To accomplish these 25 used for obtaining overlapping welded joints of thin-walled 

functions, driveshafts include well known universal joints parts having different thickness and made from different 

and slip joints connected to driveshaft tubes. materials without melting. This is described in U.S. Pat. No. 

A driveshaft tube includes a hollow cylindrical portion of 3,520,049, to Lysenko et al. This method is referred to as 

a desired length, oftentimes terminating at one end in a tube Magnetic Pulse Welding (MPW) and has been used in 

yoke. The tube yoke includes a pair of opposed arms for 30 particular to weld the end of nuclear fuel rods and has also 

receiving bearing cups mounted on trunnions of a cross. The found application in other contexts in which the diameters of 

tube yoke, cross and bearing can be combined with an end the parts to be joined are small (about 25 mm) and tubes 

yoke to form a universal joint The opposite end of the made from mechanical strength metal. Diameters of parts to 

driveshaft tube can terminate in a splined tube shaft be welded can be larger (about 60 mm) if tubes are made 

designed to receive an end yoke. The opposite end of the from technically pure aluminum and have a wall thickness 

driveshaft tube can also terminate in a second tube yoke. of about 1.5 mm. 

Tube yokes and driveshaft tubes are conventionally formed The apparatus for MPW as used today in manufacturing 

from steel and are attached to the driveshaft tube by con- has the same basic design as the apparatus for magnetic 

ventional welding processes. ^ pulse forming. The main parts of each apparatus are a 

In order to reduce-vehicular weight, obtain smooth opera- capacitor bank, inductor and high current switching device, 

tion and improve fuel economy, driveshaft components have The technological capability of conventional MPW appara- 

been formed from lighter materials such as aluminum. Pure tus is much less than what is necessary for magnetic pulse 

aluminum does not make driveshaft components of accept- welding of driveshafts having tube diameter within the range 

able strength, but alloys of aluminum have adequate 45 of about 75 to 180 mm and wall thickness of 2 to 3 mm. 

strength. While aluminum alloys have been an acceptable Further, conventional MPW apparatus is not capable of 

material because of their strength and lighter weight, prob- magnetic pulse welding of end fittings with driveshafts made 

lems have been experienced using conventional welding from high-strength aluminum alloys like 6061T. 

techniques with such components. For example, aluminum An improvement in welding tubular parts of large diam- 

components have been weakened by heat generated and 50 eter using MPW is described by Yablochnikov in "Apparatus 

transferred to them during conventional welding. for MPW Large Diameter, Thin-Walled Pipes"; Avt. Svarka, 

For the attachment of end-fittings to metal tubes, many 1983, No. 4 pp. 48-51, 58. That apparatus, named the Arc 

other techniques are available with varying degree of sue- Magnetic Pulse Equipment (AMPE) has two main features: 

cess. Among these other methods are the use of pins, rivets, first, using a special type of inductor and, second, using a 

bolts, adhesives and such mechanical methods as splines, 55 special vacuum switch which has closely-spaced ring-like 

keyways, polygon matching shapes, shrink fits and press fits. electrodes that are positioned close to the inductor. Between 

However, these attachment methods are not as economical the electrodes there are insulators and a metallic housing, 

as desired, particularly when applied to driveshafts of The contact surfaces of the insulators, the metallic housing 

vehicles. and the electrodes are hermetically sealed to create a closed 

In use today, with limited success, is one recent innova- 60 discharge chamber which is evacuated by a vacuum pump, 

tion known under the trademark MAGNAFORM. This Due to those features and extra-low inductance of me system 

technology employs a very high electromagnetic-induced connection bus bars, AMPE has minimal loss of energy in 

force to swage aluminum tube onto a fitting, as is commonly me process of discharge. 

used for non-driveshaft applications. Unfortunately, the In principle, AMPE should permit tubes as large as a 

results of such a method for attaching end fittings to drive- 65 driveshaft to be welded using MPW, but there appear four 

shaft tubes have been less than satisfactory. Magnetic form- problems which must be solved before this technology can 

ing requires a non-circular, force-transmitting shape to trans- become valuable from a manufacturing point of view. The 
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first problem is the destruction and contamination of insu- requirements, especially for vacuum switches. The reason 
lation elements of inductor by the powerful cumulative jet for the first of these properties (narrow interval) is the 
which flows axially along the welding surfaces (i.e., axially necessity to achieve highly productive output for driveshaft. 
of the driveshaft rube) during the welding process. This The reason for the second (without spontaneous breakdown) 
cumulative jet is produced in the process of collision weld- 5 * the impossibility of repairing the driveshaft in case of 
ing of metal when the impact velocity is high enough. The of the welding operation. This is a critical difference 
second problem is the low strength of the welding joint between the processes of magnetic pulse forming and mag- 
between high-strength aluminum alloy tubes and the end netic pulse welding. The failure of the magnetic puke 
fitting if the latter is made from steel. The third problem is forming operation can be corrected by using repetition of the 
the possibility of premature breakdown of the vacuum 10 ^ But thc u fadure ° f u the ™&^ c F^c 
switch. And the fourth problem is a long cycle time and w u ™ g ? peratl ° a 1 can ? ot w ^ te c d b y ^ of 
resulting low productivity of AMPE. The last two problems * e dischai p ^ becau f m * ^ ^Sf 5 ™ 
are connected and contradictory to each other. eliminates the gap between the welded surfaceMhe value of 

. , _ ^ mnw , , r - , which is very critical for the success of the MPW process. 

In the process of MPW welding, the surfaces of metal Failure of MPW results in m irrecoverably useless drive- 
approach each other at an angle and collide with high is ^ ^ ft fa ^ a ^ fa ^ 
relative velocity. The welding surfaces usually have oxide necessary for MPW driveshaft under manufacturing condi- 
films and contaminants. To get a strong jomt or weld, it is ^ 

necessary to clean this contamination from the welding * ... , . . ^ »™w . . r 

_c J T c «T»Ti7 - *i_ i_ 4 . For welding dnveshafts using MPW only two types of 

surfaces. In the process of MPW in the area where the . , , tf , r~ a 4 * . 7 ... V *i_ 

- „. , r . , . , * ,. , . 4 . ~ n inductor can be used. The first has a massive high-strength 

surfaces collide with each other at high velocity, the cumu- 20 . . .. A . , . c . . . ^ 

. . . . . . , 4 . , - . , , single-turn coil, the disadvantage of which is a sap between 

lative jet includes material from the surface sheets and T , ~ c * « u j 

, J . A , 4 . .... «, . . . the leads, resulting m a nonuniform magnetic force field, and 

contaminants from the collision surfaces. This material , -jT . c . r , 

. . ... , thereby providing a non-uniform weld. The other, preferred 

earned with the cumulative jet acts to clean the welding ^ ' *. . ~* . . . . .. ■ j * 

o J type of mductor has high strength coil comprised of a 

surra ces ™ » » 

„ number of generally flat, closely packed but spaced-apart, 

The cumulative jet has supersonic velocity and creates a nearly circukr or ^ electrical conductor strips, as 

loud sound like thunder if allowed to escape to the atmo- disclosed in U.S. Pat. No. 4,129,846 to Yablochnikov. This 

sphere. If the cumulative jet is restrained, and reflected from type of prov ides a uniformly azimuthal distribution of 

obstacles such as the shoulder of the end fitting or the mc magn etic field and is used in the conventional AMPE 

surfaces of tooling, and directed toward the insulation ele- process. To weld driveshafts using MPW, both types of 

ments of inductor, then the cumulative jet can create prob- inductors demand very high currents (1 to 2 mega amperes 

lems. In such a case, the insulation elements can be con- ^ higher) and a high energy of pulse (40 to 60 kilojoule 

tarninated and can be destroyed within a short number ^ more ) 

(perhaps less than 100) of welding cycles. Obviously this is ^ me ^ of me current md me the 
unacceptable in a manufacturing process because break- ^ energy of ^ pulsc> {hc more ^p,^ become the 
down of the mductor is possible. problems of switching that current's pulse. Tliis problem 
As a result of the problems described above, welding becomes more and more complicated if the pulse current 
using MPW has not yet been found to produce high quality must De repeated with short intervals, as is necessary in an 
welding joints between driveshaft tubes and end fittings if economical manufacturing process. The best results in 
the driveshaft tubes are made from high-strength aluminum ^ switching the pulse current for a conventional AMPE pro- 
alloys like 6061 and any related temper, and the end fittings cess is a vacuum switch. It provides 2.0 to 2.5 current 
are made from middle carbonic steel like EMS-40. The discharges in a minute, but this is not enough for economical 
physical reason for this is not known yet. But it is highly manufacturing of driveshafts. The productivity must be at 
desirable in the manufacture of driveshafts to find a method least 2 to 3 times higher. 

to allow MPW of aluminum driveshaft tubes with split 45 The vaaium switch used in conventional AMPE has a gap 

fitting because those fittings can only be made from steel. between the electrodes of about 5 mm and is ready to switch 

The problem of eliminating the aforementioned self if the residual pressure in the discharge chamber is lowered 
breakdown of the switch is a basic problem in the technique to about 10 to 20 Pascals. In this area of physical 
of high pulse current and strong magnetic fields. This characteristics, the voltage of self breakdown of the switch 
problem becomes especially complicated if the amplitude of 50 increases inversely proportionally to the value of the 
the current achieves a level of one mega-ampere or more, if residual pressure within the chamber as the pressure is being 
the energy of the pulse is 40 kilojoules or more, if the charge reduced. Unfortunately, this relation is true only if inter- 
transfer is 10 coulombs or more, and if the frequency of vacuum surfaces of insulation elements are clean. But in the 
pulses more than one per minute. process of each switching step, the conditions on these 

Any high current switch must be able to withstand the 55 surfaces are changing. High current discharge is accompa- 

working voltage of the capacitor bank without spontaneous nied by very intensive processes of electric erosion of 

breakdown. The switch should also have low inductance and electrodes and insulators. The products of erosion include 

inherent resistance. Further, the switch should have suffi- vapors and small drops of metal from the electrodes. As a 

cient current throughput capacity, charge transfer and long result of the deposition of these products of erosion on the 

service life. Depending on the actual conditions, to these 60 elements of the vacuum switch, the switch is not capable of 

main requirements are added others such as ease of linkage blocking the voltage developed across the capacitor bank if 

with the other components of the discharge circuit, quiet the charging starts too early. 

running, and a sufficiently narrow interval between dis- The reason that it is difficult to maintain a switch at a high 

charge cycles. For magnetic pulse welding of a driveshaft, it level of cleanliness to avoid premature discharge is as 

is especially important to have such properties as a working 65 follows. After each discharge of the stored energy from the 

switch with a narrow interval between discharge cycles and capacitor bank, the gaseous mixture from the vacuum cham- 

without spontaneous breakdown — contradictory ber of the switch is evacuated by the vacuum pump. 
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However, part of the metallic vapors and drops are deposited tube having an open first end, the driveshaft tube having an 

on surfaces of the insulators, and over time they form a inner surface defined by a first inner diameter, providing a 

coating on various insulating elements, and this conse- tubular sleeve having an outer surface defined by a second 

quently decreases the insulating properties. A complete diameter smaller than the first diameter and an inner surface 

understanding of the sophisticated physical processes inside 5 defined by a third diameter smaller than the second diameter, 

the discharge chambers of the vacuum switches is not providing an end fitting having a neck with an outer surface 

known, especially when the amplitude of the current reaches defined by a fourth diameter smaller than the third diameter, 

millions of amperes. But experiments found that a good Priding an electrical inductor, disposing the neck of the 

vacuum in the discharge chamber is not sufficient by itself ? n ? tubular sleeve so that a first annular gap 

to revent remature disch e \o ^ rormec * Detwecn me nec ^ an " me tubular sleeve, disposing 

^ p the sleeve into the open end of the driveshaft tube so that a 

During a welding cycle, the time required for recovery of second annular gap is formed between the tubular sleeve and 

the insulation properties of the intervacuum insulation and the driveshaft tube, disposing the first end of the driveshaft 

the time for charging the capacitor bank takes 80 to 90 tube containing the sleeve and neck into the inductor, and 

percent of the entire working cycle of AMPE, which is energizing the inductor to generate electromagnetic forces to 

typically 25 to 30 seconds. An additional disadvantage of the 15 collapse the driveshaft tube onto the tubular sleeve and the 

AMPE is that there is no guarantee that each cycle will work tubular sleeve onto the neck at a high velocity, thereby 

properly because a self breakdown is possible. A known welding the driveshaft tube is to the sleeve and the tubular 

solution to the problems of productivity and reliability of sleeve to the neck. 

AMPE consists of separating the capacitor bank from the In ^ embodiment of the invention, the method of 

discharge circuit by means of special disconnectors after 20 j oining ^ end ^ fitting and a driveshaft ^ of a driveshaft 

each switching during the time of pumping of the discharge assembly includes welding with magnetic pulse welding a 

chamber, and also measuring the breakdown voltage generally tubular sleeve of transition material to the outer 

between electrodes. The processes of pumping the chamber sur f ace 0 f a neck of an end fitting, reducing the thickness of 

and charging the capacitor bank can take place simulta- me transition material, and welding a hollow driveshaft tube 

neously. After achieving the breakdown and charging the 25 to ^ |Mng fl lto|| mater ial using magnetic pulse welding to 

voltages as necessary, the disconnectors are closed and join mc ^eshaft tube to the end fitting, 

switching can be done Tlie disadvantages of this solution , fl anothef embodiment of me invention, an end fitting 

are the sophisticated and large size required for the jhscon- fof ^ • ^ tQ a ^shaft tube of a driveshaft 

nectors. Also, a special hydraulic system controlled by the b means of electromagnetic pulse welding is 

disconnectors is required if the design is based on a 30 ^ ^ ^ ^ies conUminznts Xnv- 

mechanical prmciple, and the use of mercury is required if elin ^ the end fittmg> and the en d fitting includes a 

the design is based on a liquid-metallic principle. weldiflg surface suitable for ^ welded to me driveshaft 

There is therefore a need to provide a solution which tube by magnetic pulse welding, and a pocket for providing 

permits use of MPW for joining the various elements of ^ a collection location for the contaminants, 

driveshaft assemblies to each other, including attaching an In anomer embodiment of the invention, an end fitting 

aluminum driveshaft tube to an end fitting made of the same suitable for being joined to a driveshaft tube of a driveshaft 

or different metals. This system should provide high pro- assembly by means of electromagnetic pulse welding 

ductivity and reliability, and should avoid the complex mcludes a neck positioned on the end fittmg, the neck having 

design of the AMPE. Such a system should weld aluminum a wdding fof 5eing joined to me dnveshaft 

components of a vehicular driveshaft in such a manner so as ^ by we ldin g , and a slot positioned in the neck of the end 

not to damage the integrity or strength of the components or fitting to provide increased flexibility to the neck of the end 

the final assembly. fittmg during operation of the driveshaft. 

SUMMARY OF THE INVENTION ^ n ano ^ ner embodiment of the invention, a method of 

45 securing components of a driveshaft assembly includes 

This invention relates to a method for securing compo- providing a driveshaft tube having an open end, providing an 

nents of vehicular driveshafts. This method utilizes an end fitting having a neck, where the neck has a frustoconical 

electromagnetic field to force one component into another at surface and a shoulder, thereby defining a cavity, disposing 

a very high velocity, thereby causing the components to be the neck of the end fitting into the open end of the driveshaft 

welded to one another upon impact This method welds the 50 tube so that an annular gap is provided between the neck and 

components together with a magnetic pulse welding process the driveshaft tube, with the end of the driveshaft tube being 

without the risk of damage from heat found in conventional generally axially aligned with the shoulder, providing a 

welding techniques. shield to block the emission of contaminants escaping from 

According to this invention, a method of securing com- the cavity along the shoulder, and welding the driveshaft 

ponents of a vehicular driveshaft assembly includes provid- 55 tube to the end fitting. 

ing a driveshaft tube having an open end, providing an end In another embodiment of the invention, a method of 

fitting having a neck, disposing the neck of the end fitting securing components of a driveshaft assembly using mag- 

into the open end of the driveshaft tube so that an annular netic pulse welding apparatus includes progressively evacu- 

gap is provided between the neck and the driveshaft tube, ating the gases surrounding the discharge switch, where the 

providing an inductor around the driveshaft tube adjacent 6 o evacuation progressively increases the voltage at which the 

the end receiving the neck, and energizing the inductor to discharge switch will self breakdown, charging the capacitor 

generate a magnetic field for collapsing the driveshaft tube at a rate which maintains the voltage of the capacitor at a 

about the neck at a velocity sufficient to magnetic pulse weld level below the self breakdown voltage of the discharge 

the driveshaft tube and end fitting to each other. switch, and discharging the capacitor through the discharge 

In another embodiment of the invention, a method of 65 switch after the voltage reaches a predetermined voltage, 

joining an end fitting and a driveshaft tube of a vehicular In another embodiment of the invention, a method of 

driveshaft assembly includes providing a hollow driveshaft securing components of a driveshaft assembly using mag- 
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netic pulse welding apparatus includes assembling the drive- FIG. 18 is a timeline illustrating the sequence of steps in 

shaft and end fitting in preparation for welding them magnetic pulse welding according to the method of the 

together, charging the capacitor to a voltage equal to a invention. 

predetermined threshold level, inserting the assembled FIG. 19 is a schematic cross-sectional view illustrating a 

driveshaft and end fitting into the inductor coil after the 5 g a p f or collecting airborne contaminants, and a barrier for 

voltage of the capacitor has reached the predetermined level, preventing outflow of contaminants into the rem ainder of the 

and welding the assembled driveshaft and end fitting into a inductor. 

driveshaft assembly. Pjq 2 0 is a schematic cross-sectional view showing the 

Various objects and advantages of this invention will welding of a end fitting with a cylindrical surface rather than 

become apparent to those skilled in the art from the follow- 1° a sloped frustoconical surface 

ing detailed description of the preferred embodiment, when nG mustration showi an eod fittm havin a 

read in light of the accompanying drawings. convex surface and a slit for improved flexibility 

BRIEF DESCRIPTION OF THE DRAWINGS FIG. 22 is an illustration showing an end fitting having a 

FIG. 1 is an exploded perspective view of an end fitting 15 co^ave surface and slits for improved flexibility, 

and driveshaft tube prior to welding the end fitting to the FIGS. 23 and 24 are schematic cross-sectional views in 

driveshaft using an inductor pursuant to the method of the elevation of another embodiment of the drive shaft, showing 

present invention. the addition of a thin transition layer. 

FIG. 2 is a partial sectional view of the end fitting, FIG. 25 is a schematic cross-sectional view in elevation of 

driveshaft tube and conductor strip of FIG. 1 after the end 20 another embodiment showing the welding of the driveshaft 

fitting has been inserted into the driveshaft tube and the in a one-step process with a layer of transition material. 

driveshaft tube has been disposed within the inductor, iilus- ™™ m 

trating the forces of a magnetic field created by the welding DETA °£ D P£<^ON OT THE 

method of the present mention. PREFERRED EMBODIMENT 

FIG. 3 is a partial sectional view of the end fitting, 25 Now referring to the drawings, there is illustrated in FIG. 

driveshaft tube and inductor of FIG. 2 after the welding 1 selected parts of a vehicular driveshaft assembly, indicated 

method of the present invention is complete. generally at 10. A predetermined length of a driveshaft tube 

FIG. 4 is a partial sectional view of an end fitting, a 12 is a hollow cylindrical member having at least a first open 

cylindrical sleeve, driveshaft tube and an inductor illustrat- end 14. In the illustrated embodiment, driveshaft tube 12 is 

ing the forces generated by the magnetic field created during illustrated with a second open end 16. However, in other 

the welding method of the present invention. embodiments, the driveshaft tube 12 can include a midship 

FIG. 5 is a partial sectional view of the end fitting, < not ^ustiated) or slip tube shaft (not illustrated) 

cylindrical sleeve, driveshaft tube and inductor of FIG. 4 or other member secured al the end 16 

after the welding method of the present invention is com- 35 Preferably, the driveshaft tube 12 has a substantially 

plete. constant inner diameter defining an inner surface 18 and a 

FIG. 6 is a schematic exploded view of a universal joint substantially constant outer diameter defining an outer sur- 

connected to a driveshaft tube according to the method of *>> * 2 ' t^reby producing a driveshaft 

invention " ^ uniform thickness. The driveshaft tube 12 can be 

/-i _ . , , c . - i , • • . n formed from any suitable material, such as aluminum, and in 

FIG. 7 is a schematic plan view of a vehicle containing a 40 . , ' , „ . , A , 1T , 

i • • * , , ft ., j j« .5. particular strong aluminum alloys, such as 6061T aluminum 

universal joint and dnveshaft tube made according to the A . 4 . , ' . , . ^ t1 

• < n ♦ alloy. Another possibly suitable material is titanium alloys, 

method of the invention. ' r * J 

0 . . , . . - A . - An end fitting, in the form of tube yoke 24, is provided. 

FIG. 8 is a schematic cross-sectional view in elevation of . Al _ , . « .„ ' t ' , . ~ 4 

• • . , f x , - . , r , . , A r.i_ Although the embodiment shown illustrates a tube yoke 24 

the drive shaft, end fitting and a preferred inductor coil of the . j ** ♦ * u j j »u * 

.1 1 Tt_. , r . , . , . ak as the end fitting, it is to be understood that any other type 

invention, with the end fitting having a single tapered outer 45 c A P . . A • a* u a * *u a ia /.£ 

_c & to £>- i- of end fitting desired to be secured to the open end 14 of the 
surtace 

* . n n , t driveshaft tube 12 can be used. The tube yoke 24 has a body 

FIG. 9 is a view similar to that of FIG. 8, but with the end portion 26 havmg a pair 0 f spaced-apart, opposed arms 28 

fitting having a twin tapered concave outer surface. extending therefrom. Each of the opposed aims 28 has a 

FIG. 10 is a view similar to that of FIG. 8, but with the 5Q cylindrical opening 30 formed therethrough which receives 

end fitting having a twin tapered convex outer surface. a respective bearing cup 32, shown in FIG. 6, rotatably 

FIG. 11 is a view similar to that of FIG. 8, but with the end mounted on a universal joint cross 34, also shown in FIG. 6. 

fitting having a cylindrical outer surface. The tube yoke 24, cross 34 and an end yoke 36 cooperate to 

FIG. 12 is a schematic cross-sectional view in elevation of form a well known universal joint in a vehicular driveshaft. 

a portion of the drive shaft and a portion of the end fitting S5 The tube yoke 24 can be formed from any suitable material, 

illustrating detail of a particular embodiment of the inven- including aluminum and steel. 

ti°n. Tubular neck 38 extends from the body portion 26 oppo- 

FIG. 13 is a schematic cross-sectional view in elevation of site the arms 28. The neck 38 can have inner and outer 

another embodiment of the drive shaft, the inductor and the surfaces of various shapes. As shown in FIG. 8, the neck 38 

end fitting, illustrating the locating fixtures. 50 has a varying inner diameter defining a tapered inner surface 

FIGS. 14-16 are schematic cross-sectional views in 42 and a varying outer diameter defining a tapered outer 

elevation of a portion of the drive shaft and a portion of the surface 44. Other surface configurations include cylindrical, 

end fitting illustrating the application of a very thin layer of twin tapered convex and twin tapered concave, as will be 

an intermediate sleeve of transition material. explained below. 

FIG. 17 is a graph showing the buildup over time of the 65 The present invention includes a method for securing the 

voltage of self breakdown and the buildup of the voltage end fitting, illustrated as a tube yoke 24, to the driveshaft 

charge in the capacitor bank. tube 12. The neck 38 of the tube yoke 24 and the driveshaft 
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tube 12 are sized so that an annular gap G exists between the driveshaft tube 12, as will be explained in further detail 

outer surface 44 of the neck 38 and the inner surface 18 of below. The switch 65 must be suitable for handling the high 

the driveshaft tube 12 when the neck 38 is inserted into the currents involved in the discharge circuit 63. The switch 65 

open first end 14, as shown in FIG. 2. Preferably the gap G C an be any suitable means for opening and closing the 

is substantially uniform at every circumferential location 5 discharge circuit. A preferred switch is as shown in FIG. 1, 

around the neck of the tube yoke. When the neck 38 is where the rmg-like or circular conductor or n^t electrode 59 

inserted into the open end 14 of the driveshaft tube 12 as ^ positioned close to the second electrode 61, with a gap 68 

illustrated in FIG. 2 a generally loose fit occurs. For 0 f about 5 mm between them. The use of ring-like or circular 

purposes of. ctenty at illustration, me annular gap O created electrodes 59 and 61 for me 65 ena51es the 

current to 

by the loose fit has been cxaggeratedin the drawings Tie M „ ow (hr fa (he ^ circuil a si mcanl 

tube yoke 24 and the driveshaft tube 12 can be heM in j th crc b y g^Uy increasing the capacity or power of 

position by a suitable locator figure (not shown in FIG 1, ^ m lc ^ weMin apparatus of the invention. Such 

but shown in FIG. 13 and described in detail below) so that fai h cunent swUches m m ^ ^ 

the gap G is substantially uniform. Preferably, the gap G for ° . , . , , ... 

tube yokes having cylindrical outer surfaces has a relatively Dunn S charging of the capacitors 64, the voltage builds 

large radial span, typically within the range of from about 15 "? 301055 the & a P 68 To P r « veilt P remature di^harge across 

05 to about 5 mm, and preferably within the range of from &P> * vacuum or partial vacuum is placed over the gap, 

about 1 to about 3 mm. For tube yokes having non- by vacuum means^ not shown, so mat mere wQl be no arcing 

cylindrical outer surfaces, the gap will vary between about aC 5 05S ,! h * 5WItc > 6S , F ™ examp > 8 P ^™ CU T ° f ft? 

zero and about 5 mm. 10 to 20 Pa can be placed over the gap 68. When desued, this 

. - . j . . . , , , .. „ 20 partial vacuum can be interrupted by any means, such as a 

An inductor 46 is provided about, and preferably radially . . . . . ■ ■ ■ . /■ ■ ~T;. 

spaced from, the outer surface 20 of the driveshaft tube 12 fP** no f si j aw ?' " iate of the ™ mat 

, . * f% . a a t<l • « -ij . , through the inductor 46. The current will arc across the gap 

adjacent the first end 14. The inductor includes an inductor ^ °T . A . , . . 

J . t „ . .j. , . . ~ . . ... 68 and create a momentary discharge pulse traveling 

coil. For magnetic pulse welding driveshaft tubes, which . . . ..i™. & CA . . 

• n u ♦ *u- *if ft u * t c through the discharge circuit 63. The capacitors 64 can be m 

typically have diameters within the range of from about 7.5 oc . ? r • . ^ , , , _ - 
; r , ; 10 , ^_ r • j ^ -i i- j 25 the form of a single capacitor, or preferably a battery of 

to about 18 cm, only two types of inductor coil can be used. . ^f. « , • ^ u ♦ cto i 

^ A . . » * t_ _ . , _ A capacitors arranged in parallel circuits, as shown in FIG. 1. 

The first is a massive high -strength single-rum coiL not ~. . * c . , . T: . _ . 
. - , ^ • j * • j • i_ . T! . The capacitors preferably have a working voltage of at least 

shown. The smgle turn inductor is disadvantageous m that it /V, *\ ' , P ... , 

. • u «_ » i j several thousand volts. Capacitors having low inductance 

has a gap or spacing between the ends or leads, resulting in f , r 

a nonuniform magnetic force field surrounding the 30 

driveshaft, and thereby providing a non-uniform weld. ^ battery of capacitors 64 is connected to a source of 
The other, preferred type of cofl is a high strength coil 48 electrical power such as power source 70, via a charging 
comprised of plurality of generally flat, closely packed, but ^ n ; % IdeaU * ^P ower capacitors will be 
spaced-apart, nearly circular or annular electrical conductor ***** a ^ ow a rapid buildup of the charge in the capacitors, 
strips 50, shown in FIG. 1. The conductor strips 50 can be 35 merebv fhortemng the period or cycle time for each mag- 
helically bent at a pitch which insures a displacement of the netlc ^ weldui S °P™tion. During the step when the 
ends or leads of the conductor strips relative to each other. ™* * arcing across the gap 68 and me discharge circuit 
Insulators 52 are positioned between adjacent conductor f cIosed '. ^ ch ^ a ^ 15 P^^Y a^connected 
strips 50. Preferably, the inductor 46 is similar to that from or insulated from the power source. This can be 
disclosed in U.S. Pat. No. 4,129,846 to Yablochnikov, which 40 accom P hshed b > a swltch 74 m me ch ^^ arcmt 72 * 
hereby incorporated by reference. The preferred multiple Th e effect of the intense, momentary magnetic field on the 
conductor strip coil 48 shown in FIG. 1 is preferable over a metallic driveshaft 12 is to create an extremely powerful 
conventional single-nirn coil because it provides a uniformly f° rce which repels or drives away the driveshaft, radially 
azimuthal distribution of the magnetic field. inwardly from the inductor 46. The magnetic field created by 
The inductor 46 includes leads or terminals 53 which 45 ^ P uke of orient through the inductor creates strong 
provide an electrical connection to the inductor coil 48. reactive eddy currents in the aluminum driveshaft tube 12. 
Additional insulation is provided by insulators 55, 56 and ^ese eddy currents create opposing magnetic fields which 
57. Central insulator 58 is positioned in the inside diameter result ™ inwardly directed forces on the metafile driveshaft, 
of the inductor 46. One of the terminals 53 is supplied with indicated by arrows 78 in FIG. 2. These forces cause the 
current via the first switeh^ 50 driveshaft tube 12 to collapse about the neck 38 which such 
other of the terminals 53 is connected to the source of an "nP 301 ^ ^ driveshaft is welded to the neck 38, as 
current by a first bus bar 60. Similarly, the second electrode shown in FIG. 3. 

61 is connected to the source of current by a second bus bar The sizes and shapes of the neck 38 of the tube yoke 24 
62. and the driveshaft 12, the size and shape of the inductor 46, 
The inductor 46 is connected via discharge circuit 63 to 55 ^ dre strength and shape of the electromagnetic field are 
high voltage capacitors 64. Although only two capacitors 64 all factors detennimng the strength of the weld. By main- 
are shown, any number of capacitors can be used. The taining a relatively large annular gap G between the drive- 
current required for successful welding of aluminum tubes snaft wbe 12 and the neck 38, the collapsing portion of the 
and yokes suitable for use as vehicle driveshafts is on the driveshaft tube 12 is permitted to accelerate to a relatively 
order of at least several hundred thousand amps, and pos- 60 high velocity. The high impact velocity causes the inner 
sibly as high as one million amps or more. Therefore the surface 18 of the driveshaft tube 12 to become welded to the 
discharge circuit must be suitable for conducting a current of outer surface 44 of the neck 38 when they contact each other, 
great magnitude. The discharge circuit 63 includes a dis- as illustrated in FIG. 3. 

charge switch 65 which when activated allows the capacitors The velocity of the driveshaft tube 12 when it comes into 

to discharge and supply an energy spike or surge to the 65 contact with the outer surface 44 of the neck 38 of the end 

inductor 46. The inductor 46 creates a strong magnetic field yoke is preferably at least 300 meters per second, and more 

that exerts a force against the outer surface 20 of the preferably within the range of from about 300 to about 400 
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meters per second. In contrast to the generally known 
method of metallic forming, sometimes referred to as a 
magnetic forming process, the electric pulse welding pro- 
cess of the invention propels the metallic work piece toward 
the tube yoke with a velocity sufficient to weld the driveshaft 
12 to the neck of the tube yoke 24. It can be appreciated that 
the impact velocity of the driveshaft into contact with the 
neck of the tube yoke is not only a function of the magnetic 
driving force created by the inductor 46, but also is a 
function of the gap or distance G between the driveshaft tube 
12 and the neck 38 of the tube yoke 24. 

Another factor to be taken into consideration when con- 
sidering the physical layout of the magnetic pulse welding 
apparatus is the fact that the driveshaft 12 must respond to 
the magnetic field by deforming or shrinking to close the gap 
and allow the driveshaft to come into contact with the tube 
yoke. However, the driveshaft 12 will resist deformation. 
Where the gap is too large this resistance to inward defor- 
mation may decrease the velocity of the impact of the 
driveshaft into the tube yoke 24 and thereby prevent the 
establishment of a satisfactory weld. An even more impor- 
tant limitation is the fact that the electromagnetic field 
established by the coil 50 has a gradient and weakens as the 
driveshaft wall moves radially inwardly, away from the 
inductor coil 50. Therefore, a balance must be struck 
between the desire for a relatively large gap 68 to increase 
the impact speed, and a need for a narrow gap to maximize 
the force from the electromagnetic field and to minimize the 
forces counteracting the deformation of the driveshaft. 

In operation, the power source 70 charges the capacitors 
64. The charging circuit is closed and the discharge circuit 
is open during the charging of the capacitors. When the 
voltage across the gap 68 increases to the desired discharge 
level, the switch 65 is closed, and the current arcs across the 
gap 68 to cause a current to flow in the discharge circuit 63. 
The charging circuit is open and the discharge circuit is 
closed during the discharging of the capacitors. The current 
running through the inductor 46 establishes a strong mag- 
netic field, which causes a rapid inward repulsion of the 
driveshaft 12 toward the neck 38 of the end yoke 24. The gap 
G between the driveshaft 12 and the neck 38 of the end yoke 
24 is a distance suitable to enable a sufficient impact velocity 
to cause a permanent welding of the driveshaft 12 to the 
neck 38 of the end yoke 24. 

The magnetic pulse welding method of tie invention 
enables the welding of relatively large driveshafts and tube 
yokes. For example, driveshafts having outside diameters 
within the range of from about 15 to about 18 cm can be 
welded using the method of the invention, although typical 
driveshaft sizes are around 10 cm. Successful welding of the 
end fitting to the driveshaft means that upon applying torque 
between the end fitting and the driveshaft, the driveshaft 
fails before the weld fails. 

The above-described method of magnetic pulse welding is 
suitable when the material used to form the driveshaft tube 
12 is the same as the material used to form the end fitting. 
In other instances, it may be desirable to form the driveshaft 
tube 12 from a first material, such as a high strength 
aluminum alloy, and the end fitting from a second material, 
such as steel. In such an instance, a hollow cylindrical sleeve 
80 of a transition material such as 1100 series aluminum, 
may be disposed between the inner surface 18 of the 
driveshaft tube 12 and the outer surface 44 of the neck 38, 
as illustrated in FIG. 4. A first substantially uniform annular 
gap Gl is maintained between the driveshaft tube 12 and the 
sleeve 80, and a second substantially uniform annular gap 
G2 is maintained between the sleeve 80 and the neck 38. 
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Preferably, for end fittings having cylindrical outer surfaces, 
gaps Gl and G2 have a relatively large radial spans, typi- 
cally within the range of from about 1 and 3 mm. Preferably, 
gaps Gl and G2 are substantially uniform at every circum- 

5 ferential location around the sleeve 80. 

When the driveshaft tube 12, sleeve 80 and neck 38 are 
held in desired positions by locator fittings, shown in FIG. 
13, and subjected to the magnetic force of the inductor 46, 
the adjacent surfaces are collapsed under relatively high 

10 velocity so that welding occurs at both interfaces to secure 
the driveshaft tube 12 to the sleeve 80, and the sleeve 80 to 
the neck 38 of the end fitting, illustrated as a tube yoke 24. 
In a manner similar to the illustration of the annular gap G 
in FIG. 2, annular gaps Gl and G2 in FIG. 4 have been 
exaggerated to illustrate the loose fits between the driveshaft 

15 tube 12 and the sleeve 80, and between the sleeve 80 and the 
neck 38. 

As shown in FIGS. 6 and 7, after the tube yoke is welded 
to the driveshaft 12, the end yoke 36 and the cross 34 can be 
connected with the tube yoke 24 to form a universal joint 82. 

20 The universal joint 82 can be used in transmitting torque in 
a vehicle 84, as shown in FIG. 7. The engine 85 supplies 
power to the transmission 86, which provides rotative force 
to the rear wheels 87 via universal joint 82 and driveshaft 12. 
As shown in FIGS. 8—11, the outer surface of the end 

25 fitting 24 need not be cylindrical, but rather can have 
different configurations. FIG. 8 illustrates an end fitting 24A 
having a tube yoke neck 38A with a tapered inner surface 42 
and tapered outer surface 44 A. In FIG. 9, the outer surface 
44B of the tube yoke neck 38B of end fitting 24B has a 

30 concave twin tapered shape. The outer surface 44C of FIG. 
10 is illustrated as a twin tapered convex surface 44C for the 
tube yoke neck 38C of end fitting 24C. Also, in FIG. 11, the 
outer surface 44D of the tube yoke neck 38D of end fitting 
24D has a generally cylindrical shape. 

35 The axial location of the driveshaft tube 12 can be critical 
for different tubes and different shapes of the outside of the 
end fitting. It can be seen from FIG. 8 that the end 14 of the 
driveshaft tube 12 is generally axially aligned with the end 
90 of the conductor strips gases surrounding. As shown in 

40 FIG. 11, however, when the end fitting outer surface is 
cylindrical as is outer surface 44D, the optimum position of 
the end 14 of the driveshaft tube 12 is in alignment with the 
approximate mid-point 92 of the conductor strips gases 
surrounding, rather than at the end 90 of the conductor strips 

45 gases surrounding. This is because in order to make good 
quality welded joints by magnetic pulse welding it is nec- 
essary to orient or align the two workpieces (i.e., the 
driveshaft and the end fitting) at a slight angle to each other, 
on the order of 5 to 15 degrees, as shown in FIG. 12. This 

50 angle between the surfaces is provided to accommodate the 
nonuniform acceleration of the drive shaft tube 12 toward 
the end fitting during the welding process. In its initial state 
the driveshaft is cylindrical, and the free end 14 is located, at 
the mid-point 92 of the conductor strips gases surrounding, 

55 as shown in FIG. 11. Usually distribution of the magnetic 
field along the axial length of the coil results in a maximum 
magnetic field strength at the midpoint 92 of the coil. Owing 
to the magnetic field maximum at the midpoint 92, the free 
end 14 achieves a higher impact velocity than any other part 

60 of the driveshaft 12. As a result of the free end 14 being 
positioned at the axial maximum of the magnetic forces, the 
free end is the first part of the driveshaft to strike the end 
fitting surface. This non-uniform impact of one part of the 
driveshaft (i.e., end 14), rather than the impact of the whole 

65 driveshaft surface at once, produces a strong weld. 

A particularly beneficial configuration is shown in FIG. 
12. Angle 94 is the angle between the driveshaft 12 and the 
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end fitting 96. This angle between the driveshaft and the end MPW. Then the welded collar 130 is turned or shaved off to 

fitting is beneficial because it provides a nonuniform impact a very thin layer 130 A, as shown in FIG. 15. The turning can 

of the driveshaft against the end fitting. The end fitting 96 is be accomplished by any suitable turning device. It is to be 

provided with a shoulder or annular step 98 which acts as a understood that any applicable machining process can be 

stop or locator with respect to the end 14 of the driveshaft 5 u*** 1 to reduce the thickness of the collar. The thinness of the 

12. The inner surface 100 of the end fitting 96 has three laver 130A contributes to the strength of the ultimate bond 

distinct surface portions. The first surface portion is the between the driveshaft and the end fitting. Preferably, the 

generally cylindrical portion 102, which generally contacts ^ hver 130Aof transition material has a mickness within 

the driveshaft wall and serves to center the end fitting 96 ** ™& , of fr ° m a3 * abo ^ L ° ™ ^ cr * e 

within the driveshaft tube 12. The axial outer end surface to if' k mT*! h % > 

. . A . f - , - . - • 4 j dnveshaft 12 can be welded to the transition material 130A, 

portion 104 of the end fitting inner surface 100 is tapered ^ s j iown m ^ 

radially inwardly to facilitate insertion of the end fitting 96 » 1 . , , * 

• * *iT j : / p . . I t»i_ -i- i 3 It would seem preferable to apply a thin layer 130A to the 

into the driveshaft tube 12 The axial inner end surface ^ ^ ^ £ ramer m{m & thicker layer 130 which 

portion 106 is tapered radially inwardly with respect to the mrning to reduce its thickness. However, a thin 

dnveshaft tube 12, resulting m a spacing between the 15 layerof transition material cannot be applied using energy at 

driveshaft tube 12 and the inner end surface portion 106. me same frequency used for applying a relatively thick layer. 

This spacing enables the driveshaft tube wall to develop Applying a thin layer 130A with magnetic pulse welding 

sufficient velocity during the welding process to produce an requires a welding apparatus capable of discharging its 

effective weld upon impact. current at a frequency (approximately 20 kHz or higher) 

As shown in FIG. 13, in a specific embodiment of the 20 significantly higher than the frequency (approximately 10 

invention, the driveshaft tube 12 and end fitting 110 are kHz) required for welding typical metallic layers, such as 

positioned within the inductor 46. A locator clamp 112 is transition layer 130, or the driveshaft 12. In order to avoid 

fixed to the driveshaft 12, and the axial movement of the me necessity of using two separate machines, a thicker layer 

driveshaft 12 into the inductor 46 is limited by the abutment 130 fc applied and then it is turned to obtain the desired thin 

or contact of the locator clamp 112 with the limitator or stop 25 layer 130A. Thus, it can be seen mat the improvement in 

114, which is fixed with respect to the inductor 46. strength, gained by using a thin layer 130 A of transi- 

• -j t_ « A tion matenal, is obtamed only upon paying the price of the 

A locator fixture 116 is provided for the end fitting 110. extra burden of using two welding machines, or upon 

Fixture 116 has an annular locator ring 118 that comes into undertaking the extra fabrication step of turning a thicker 

contact with annular bushing 120 for a positive, predeter- ^ layer to obtain the desired thin layer, 

mined axial positioning of the end fitting 110 with respect to It is to be understood that the thin layer of transition 

the inductor 46. The annular insulator bushing 120 is fixed material can also be applied by a galvanic process or by a 

with respect to the inductor 46. In addition to axially fixing metallic spraying process. 

the penetration of the end fitting 110 into the inductor 46, the rgS. 17 and 18 illustrate the timing of the various 

locator fixture 116 also provides radial centering of the end process steps during a representative MPW welding cycle of 

fitting with respect to the inductor and the driveshaft tube. the invention. For purposes of illustration the welding cycle 

The annular ring 118 is preferably provided with an axial has a 15 second period. It is to be understood that FIGS. 17 

slot and an adjustment member, such as a set screw 122, to and 18 merely represent one possible timing scheme, and 

enable the annular locator ring 118 to be adjustably tied or numerous other timing and processing designs can be used 

connected to the locator fixture 116. The locator fixture 116 with the invention. As soon as the voltage is discharged from 

is fixedly connected to the end fitting 110 by end fitting 40 a previous cycle, the new cycle begins. The vacuum pump, 

connection 124. A conical grip 126 is provided to ensure not shown, runs continuously, and starting at the beginning 

proper centering of the driveshaft tube 12 in the inductor 46. of ^ cvcle me vacuum is drawn, thereby continuously 

decreasing the air pressure surrounding the discharge switch 

EXAMPLE 65, as indicated by time bar 134 in FIG. 18. 

45 During the first second or few seconds of the cycle, the 

In an example of a successful operation, the power source driveshaft components welded in the previous cycle are 

70 provides a steady voltage of about 5,000 volts maximum, removed from the welding apparatus, as indicated by time 

and the capacitor bank has 24 capacitors in parallel, each bar 136. At approximately one second into the cycle, the 

having a capacitance of 350 /*F at a proof voltage of 5,000 charging circuit switch 74 is closed to supply voltage to the 

volts, for a total capacitance of 8400 //F. The voltage across 50 capacitor bank 64, as shown in FIG. 1, and as indicated by 

the gap 68 is allowed to rise to a level of about 3500 volts time bar 138 in FIG. 18. As can be seen in FIG. 17, the delay 

before the arc discharge was initiated. The current flowing in the start of the charging of the capacitor bank means that 

through the inductor is preferably greater than about one th e voltage of the capacitor bank 64, as indicated by curve 

million amps, and typically about 1.3 million amps. The 140, is lower than the voltage of self breakdown 142. The 

flow of current through the inductor 46 creates a magnetic 55 self breakdown voltage is that voltage which is sufficient to 

field of about 30 Tesla. This causes the driveshaft to move overcome the insulation associated with the apparatus, gjv- 

radially inwardly into contact with the tube yoke with a ing rise to a sudden, unwanted discharge of voltage. The self 

velocity sufficient to cause a permanent weld. discharge voltage is the level at which the electrical insula- 

FIGS. 14-16 show a preferred method for using a tran- tion is no longer sufficient to prevent discharge. To avoid 
sition material. This transition material can be any suitable 60 premature discharge of the voltage, the charging of the 
material for enhancing the bond between a driveshaft of a capacitor bank is purposely carried out at a rate to maintain 
strong aluminum alloy and an end fitting of another material, a difference or gap between the voltage of self breakdown 
such as steel. A preferred transition material is a soft metal and the voltage of the capacitor bank. Preferably the differ- 
aluminum alloy, such as 1100. A blank or segment of ence in voltage between the self breakdown voltage of the 
transition material in the shape of a collar 130 is first 65 discharge switch and the voltage of the capacitor is main- 
positioned adjacent tube yoke neck, as shown in FIG. 14. tained at a level of at least 200 volts during the charging of 
Then the collar 130 is welded to the tube yoke neck using the capacitor. 
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While the capacitor bank 64 is being charged, the com- 
ponents to be welded are assembled and made ready to be 
inserted into the inductor 46, as indicated by time bar 144. 
After the voltage of the capacitor exceeds the minimum or 
threshold voltage, indicated by curve 146 in FIG. 17, then 
the charging of the capacitor bank 64 is concluded In the 
representative cycle depicted in FIGS. 17 and 18, this occurs 
at approximately the 14 second mark. The threshold voltage 
is shown at about 3,500 volts in FIG. 17, and is expected to 
be within the range of from about 3,000 to about 4,000 volts. 
After the threshold voltage is reached, the assembled drive- 
shaft and end fitting components are inserted into the 
inductor 46, as indicated by time bar 148. After the 
assembled components are inserted into the inductor, the 
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surface 149 is frustoconical, the welding process causes the 
driveshaft tube 12 to contact the welding surface 149 first at 
an initial contact portion 161 of the welding surface, then 
progressively along an intermediate portion 162 of the 
welding surface, and finally at an end portion 163 of the 
welding surface. The pocket is positioned near the end 
portion 163 of the welding surface to collect the contami- 
nants and pressurized air. The pocket 160 can be an annular 
slit or notch, as shown in FIG. 19, and can be positioned on 
the shoulder 154, or on the welding surface 149, or on both 
the shoulder and the welding surface, as shown in FIG. 19. 
The pocket 160 can be of any suitable shape for collecting 
the contaminants and pressurized air. 
Another aspect of the welding process of the invention is 



voltage in the capacitor bank 64 is discharged across the gap 1<; r . , , . . . . 

*o • *u j* l •* u am * .1 . • * & v 15 the use of a contamination shield, such as annular plastic 

68 m the discharge switch 65, and the assembled compo- 

nents are welded. The assembly, insertion into the inductor, 



and removal from the inductor can be completed either 
manually or by an automatic apparatus, not shown, such as 
a robot. By delaying the insertion of the assembled compo- 
nents until the capacitor bank is fully charged, the possibility 
of prematurely discharging the capacitor bank and perma- 
nently ruining the driveshaft is precluded. 
As shown in FIG. 19, a portion of the welding surface 149 



shield 164. Even though the end 14 of the driveshaft tube is 
generally axially aligned with the shoulder 154, excessive 
contaminants can be emitted from the cavity 156 during the 
welding process. The shield 164 helps prevent excessive 
20 contaminants and pressurized air from escaping the cavity 
156. As explained above, the impact of the contaminants and 
pressurized air forcefully ejected from the cavity 156 can 
damage the central insulator 58. A suitable material for the 
shield 164 is a polyethylene film having a thickness of about 



of the neck 38A of the yoke 24 is the prime welding area ^ Q3 {Q about 0 5 ^ p^f*^ me ^ M 164 ^ a smgle . 
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152. The prime welding area is typically made of the same 
material as the rest of the welding surface 149 of the end 
fitting, but the prime welding area 152 is the zone where the 
maximum strength of the weld occurs. This is determined by 
various factors, such as the spacing or gap between the drive 
shaft 12 and the welding surface 149, and such as the angle 
and impact of the contact between the driveshaft and the 
welding surface 149. While other areas of the welding 
surface may also be welded to the driveshaft, the prime 
welding area 152 provides the best possible adherence of the 
driveshaft 12 to the yoke 24. 

As described above, the welding surfaces usually have 
oxide films and various contaminants. To obtain a strong 
joint or weld, it is necessary to clean this contamination from 
the welding surfaces. In the process of MPW in the area 40 
where the surfaces collide with each other at an angle and at 
high velocity, the resulting cumulative jet includes material 
from the collision surfaces. This material carried with the 
cumulative jet acts to clean the welding surfaces. It is 
desirable to contain these contaminants and pressurized air 45 
to prevent them from escaping from the cavity 156. 
Otherwise, the contaminants could accumulate on various 
elements of the inductor apparatus, and the force of the 
contaminants and pressurized air escaping from the cavity 
156 would degrade the central insulator 58 (shown in FIG. 
1). This process can result in the breakdown of the inductor 
coil. 

FIGS. 19-25 show different configurations for welding, 
each one providing different advantages. The configuration 
selected for any particular welding operation well depend on 55 
such factors as the yoke shape, the required strength of the 
materials and of the bond, the tube diameter, and the 
materials to be used. As shown in FIGS. 19, 21 and 22, the 
welding surface 149 need not be cylindrical, but can be on 
an angle (frustoconical), thereby defining, with yoke shoul- 
der 154, a cavity 156. At the end of the cavity 156, there is 
provided one or more pockets 160 which act as collection 
points or depositories for contaminants generated during the 
welding process. The presence of a pocket 160 in the end 



use protective envelope located where the end 14 of the 
driveshaft 12 meets the shoulder 154 of the fitting neck 38A 
to prevent escape of contaminating gases, vapors and par- 
ticulate matter during the welding process. 

As shown in FIG. 20, where the end fitting welding 
surface 149B is cylindrical rather than frustoconical, the end 
14 of the driveshaft 12 is positioned near the midpoint of the 
inductor coil 48. This is similar to the configuration shown 
in FIG. 11. The prime welding area 152B is shown as being 
positioned adjacent the end 14 of the driveshaft 12. A 
particular advantage of the embodiment of the invention 
shown in FIG. 20 is that since the end 14 contacts the 
welding surface first, the wave or flow of contaminants and 
pressurized gases is contained, and cannot escape. 

As shown in FIG. 21, the welding surface is a convex 
welding surface 149C having two prime welding areas 
152C. Likewise, as shown in FIG. 22, the welding surface 
149D can be concave, with two prime welding areas 152D. 
The advantage of having two surfaces with bonds between 
the welded parts is that both bonds can bear the brunt of the 
torque forces transmitted between the driveshaft 12 and the 
end fitting 38C, 38D. 
An additional feature of the invention is the use of a slot 
50 168C in the end fitting to increase the flexibility of the end 
fitting during operation of the welded yoke and driveshaft in 
a universal joint, as shown in FIG. 21. The slot 168C is 
particularly advantageous where there are two prime weld- 
ing areas, such as shown in FIGS. 21 and 22, because the slot 
gives the yoke the ability to deform slightly when necessary, 
thereby greatly increasing its usefulness as a component of 
a driveshaft assembly. Typically, driveshaft tubes are on the 
order of 2-3 mm in thickness, whereas the yoke typically 
has a much greater thickness, e.g., up to 8-10 mm or more. 
50 Therefore, when there are two prime welding areas, the 
flexibility gained by the use of the slot allows both of the 
welded connections to be stressed, thereby distributing the 
forces and producing a stronger overall weld. 



The slot 168C can be of any shape, such as the annular 
yoke enables a substantial portion of the contaminants to be 65 shape shown in FIG. 21. Preferably, the slot has an orien- 
held in without escaping to the atmosphere, thereby pro- tation generally normal to the welding surface, as shown, 
moting the efficiency of the system. Where the welding although other orientations are possible. The slot 168D in 
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FIG. 22 improves flexibility of the end fitting in the same 
manner as described in connection with slot 168C shown in 
FIG. 21. Additionally, a second slot 170D can also be 
provided on the inside surface of the end fitting 38D. A 
preferred slot has a width within the range of from about 2 
to about 5 mm, and a depth within the range of from about 
1.0 to about 10 mm. The actual dimensions of the slot must 
be determined by the flexibility requirements of the yoke. 

An additional feature of the invention is shown in FIGS. 
23 and 24, where the transition material 130 is used in 
conjunction with a sloped or frustoconical welding surface 
149E on neck 38E, in a manner similar to that described 
above in connection with FIGS. 14-16. The transition 
material 172 is welded to the welding surface 149E, and then 
turned to form a thin layer 172A of transition material, as 15 
shown in FIG. 24. The driveshaft 12 is then welded to the 
transition layer 172A. The shield 164 can be used with either 
or both of the welding of the transition material and the 
driveshaft. 

As shown in FIG. 25, the welding surface 149F is 
cylindrical, and the transition material 174 is positioned 
between the driveshaft 12 and the welding surface 149F of 
the neck 38F. The MPW welding process of the invention 
welds the transition material 174 to the welding surface 
149F and at the same time welds the driveshaft 12 to the 
transition material 174. This enables the accomplishment of 
a two-step welding process in one step. 

The principle and mode of operation of this invention 
have been explained and illustrated in its preferred embodi- 
ment. However, it must be understood that this invention 
may be practiced otherwise than as specifically explained 
and illustrated without departing from its spirit or scope. 

What is claimed is: 

1. A method of securing components of a driveshaft 
assembly comprising the steps of: 

(a) providing a driveshaft tube having an end; 

(b) providing a hollow sleeve of a transition material; 
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(c) providing an end fitting having a neck; 

(d) disposing the end of the driveshaft tube, the hollow 
sleeve of the transition material, and the neck of the end 
fitting relative to one another such that a first annular 
gap is provided between the end of the driveshaft tube 
and the hollow sleeve of transition material and that a 
second annular gap is provided between the hollow 
sleeve of transition material and the neck of the end 
fitting; 

(e) providing an inductor; and 

(f) energizing the inductor to generate a magnetic field to 
cause the end of the driveshaft tube, the hollow sleeve 
of the transition material, and the neck of the end fitting 
to engage one another at a velocity that is sufficient to 
magnetically pulse weld the end of the driveshaft tube 
to the hollow sleeve of the transition material and to 
magnetically pulse weld the hollow sleeve of the tran- 
sition material to the neck of the end fitting. 

2. The method defined in claim 1 wherein said step (d) is 
performed by disposing the end of the driveshaft tube about 
the hollow sleeve of the transition material, and disposing 
the hollow sleeve of the transition material about the neck of 
the end fitting. 

3. The method defined in claim 2 wherein said step (e) is 
performed by providing an inductor about the end of the 
driveshaft tube. 

4. The method defined in claim 1 wherein said step (a) is 
performed by providing a driveshaft tube that is formed 
from a first metallic material, and wherein said step (c) is 
performed by providing an end fitting that is formed from a 
second metallic material that is different from said first 
metallic material. 

5. The method defined in claim 1 wherein said step (a) is 
performed by providing a driveshaft tube that is formed 
from aluminum, and wherein said step (c) is performed by 
providing an end fitting that is formed from steel. 
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(57) ABSTRACT 

A method of manufacturing a collapsible driveshaft assem- 
bly includes the steps of disposing an end of a first tube 
within a forming die having a non-circular cross sectional 
shape, expanding the end of the first tube into conformance 
with the die cavity, inserting an end of a second tube is 
inserted within the deformed end of the first tube, and 
expanding the end of the second tube into conformance with 
the end of the first tube. As a result of this expansion, 
outwardly extending regions and inwardly extending 
regions of the second tube extend into cooperation with 
outwardly extending regions and inwardly extending 
regions of the first tube so as to cause the first and second 
tubes to function as cooperating male and female splined 
members. As a result, a rotational driving connection ther- 
ebetween to form the driveshaft. When a relatively large 
axial force is applied to the ends of the telescoping 
driveshaft, the second tube will move axially within the first 
tube, thereby collapsing and absorbing energy. 

10 Claims, 6 Drawing Sheets 
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METHOD OF MANUFACTURING AN for use in a drive train system that is relatively simple and 

AXIALLY COLLAPSIBLE DRIVESHAFT inexpensive to perform. 

SUMMARY OF THE INVENTION 



ASSEMBLY 



CROSS REFERENCE TO RELATED 5 This invention relates to an improved driveshaft assembly 

APPLICATION for use in a drive train system that is axially collapsible in 

This application claims the benefit of U.S.Provisional ev , ent °f a to absorb energy and a method for 

Application No. 60/114,733, filed Dec. 31, 1998, the dis- manufacturing same Initially, an end of a first tube is 

closure of which is incorporated herein by reference. d)s P osed a , fornm, e dle a * e 

10 defines a non-circular cross sectional shape. Then, the end of 

BACKGROUND OF THE INVENTION the first tube is expanded outwardly into conformance with 

„, . . ... ,,- r the die cavity, such as by mechanical deformation, electro- 

This invention relates in general to drive train systems for tic ^ formi bydroforming, and the like. As a 

transferring rotational power from a source of rotational ^ t mansion, theeodof the outer tube is deformed 

power to a rotatably driven mechanism. In particular, this ^ to faave me ^ ^ ^ ^ ^ die ^ 

mvention relates to an improved driveshaft assembly for use mchl6i a luralit of outwardly extending regions and a 

in such a drive ^ train system that is axially collapsible m toe ^ of mwardl Ending regions. Following this 

event of a collision to absorb energy and a method for expansion7 m end of a ^ ^ insatBd within the 

manufacturing same. deformed end of the first tube. Next, the end of the second 

Torque transmitting shafts are widely used for transferring 20 tabc ^ expanded outwardly into conformance with the end 

rotational power from a source of rotational power to a of me g^t mbe> ^ 35 by mec hanical deformation, elec- 

rotatably driven mechanism. For example, in most land tromagnetic pulse forming, hydroforming, and the like. As a 

vehicles in use today, a drive train system is provided for ^iilt of this expansion, the end of the second tube is also 

transmitting rotational power from an output shaft of an formed having the same non-circular cross sectional shape 

engine/transmission assembly to an input shaft of an axle ^ including a plurality of outwardly extending regions and a 

assembly so as to rotatably drive the wheels of the vehicle. plurality of inwardly extending regions. The outwardly 

To accomplish this, a typical vehicular drive train system extending regions and the inwardly extending regions of the 

mciudes a hoUow cylindrical driveshaft tube. A first univer- second tube extend into cooperation with the outwardly 

sal joint is connected between the output shaft of the extending regions and the inwardly extending regions of the 

engine/transmission assembly and a first end of the drive- 30 ^ ^be, respectively, so as to cause the first and second 

shaft tube, while a second universal joint is connected ^bes to function as cooperating male and female splined 

between a second end of the driveshaft tube and the input members. As a result, a rotational driving connection ther- 

shaft of the axle assembly. The universal joints provide a ebetween to form the driveshaft. When a relatively large 

rotational driving connection from the output shaft of the force ^ ^ed to the ends of the telescoping 

engine/transmission assembly through the driveshaft tube to 35 driveshaft, the second tube will move axially within the first 

the input shaft of the axle assembly, while accommodating ^ thereby collapsing and absorbing energy, 

a limited amount of misalignment between the rotational Various ^ of mis mventkm ^ 

axes ot these three shafts. become apparent to those skilled in the art from the follow- 

A recent trend m the development of passenger, sport mg detailed description of the preferred embodiment, when 

utility, pickup truck, and other vehicles has been to design 40 read in light of the accompanying drawings, 
the various components of the vehicle in such a manner as 

to absorb energy during a collision, thereby providing addi- BRIEF DESCRIPTION OF THE DRAWINGS 

tional safety to the occupants of the vehicle. As a part of this ^IG. 1 is a schematic view in elevation of a prior art 

trend, it is known to design the drive train systems of vehicle drive train assembly. 

vehicles so as to be axially collapsible so as to absorb energy 45 FIG. 2 is an enlarged side elevational view, partially in 

Airing a collision. To accomplish this, the driveshaft tube crosssectio^of a vehicle driveshaft assembly manufactured 

may be formed as an assembly of first and second driveshaft m accordance ^ the method of this invention, 

sections that are connected together for concurrent rotational - . t . . . - - 

... 1 * ui r FIG. 3 is a sectional elevational view of a forming die 

movement during normal operation, yet are capable of , . , c c 4 , . , ^ . j *u - 

. „ t 17 . . . . havine an end of a first drive shaft section disposed therein 

moving axially relative to one another when a relatively 50 ° " f . ^ 

large axially compressive force is applied thereto, such as P n °* ° e orma Ion - 

can occur during a collision. A variety of such axially ™ ' 4 * a sectional elevational view taken along line 

collapsible driveshaft assemblies are known in the art. ot ^* 

It has been found to be desirable to design axially col- 5 * elevati ° nal v ! ew , °[ * e f ™ g l di ^ 

lapsible driveshaft assembhes of this general type such that 55 ^ated m FIG. 3 showing the end of the first driveshaft 

a predetermined amount of force is required to initiate the ^ deformation. 

relative axial movement between the two driveshaft sec- mG 6 K a sectional elevational view taken along line 

tions. It has further been found to be desirable to design ^ ^ °^ ^ 

these axially collapsible driveshaft assemblies such that a FIG. 7 is a sectional elevational view of the forming die 

predetermined amount of force (constant in some instances, 60 illustrated in FIG. 5 having an end of a second driveshaft 

varying in others) is required to maintain the relative axial section disposed within the end of the first driveshaft section 

movement between the two driveshaft sections. However, it P^or to deformation. 

has been found that the manufacture of such axially col- FIG. 8 is a sectional elevational view taken along line 

lapsible driveshaft assemblies is somewhat difficult and 8 — 8 of FIG. 7. 

expensive to manufacture than convention non-collapsible 65 FIG. 9 is a sectional elevational view of the forming die 
driveshafts. Thus, it would be desirable to provide an illustrated in FIG. 7 showing the end of the second drive- 
improved method of manufacturing a driveshaft assembly shaft section after deformation. 
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FIG. 10 is a sectional eleva tional view taken along line force is applied thereto, such as can occur during a collision. 

10 — io of FIG. 9. The manner in which these portions of the inner tube 23 and 

the outer tube 24 are formed is described in detail below. 

DETAILED DESCRIPTION OF THE The inner tube 23 and the outer tube 24 of the driveshaft 

PREFERRED EMBODIMENT 5 16* can be formed from any suitable material or combination 

_ . , , . .„ , . of materials. Typically, the inner tube 23 and the outer tube 

Referring now to the drawings, there is illustrated in FIG. 24 of the i6 . „ formed from ^1 or an alumi- 

1 a vehicle drive tram system, indicated generally at 10, that num alloy 0ther ma terials, such as fiber reinforced coro- 

is conventional in the art. The prior art drive train system 10 posites or other combinations of metallic or non-metallic 

includes a transmission 12 that is connected to an axle materials, may also be used. Preferably, the inner tube 23 

assembly 14 through a driveshaft assembly 15. The drive- and ^ outer mbc 24 of the driveshaft 16' are formed from 

shaft assembly 15 includes an elongated, cylindrically- an aluminum alloy. Suitable methods for forming the inner 

shaped driveshaft tube 16. As is typical in conventional 23 and the outer tube 24 of the driveshaft 16' are well 

vehicle drive train systems 10, the output shaft (not shown) ]^ovm to persons skilled in the art. In the illustrated 

of the transmission 12 and the input shaft (not shown) of the ^ embodiment, the inner tube 23 and the outer tube 24 of the 

axle assembly 14 are not co-axially aligned. Therefore, driveshaft 16' are both formed having a relatively constant 

universal joints 18 are provided at each end 20 of the outer diameter. However, if desired, either or both of the 

driveshaft tube 16 to rotatably connect the driveshaft tube 16 ^ 23 and the outer tube 24 of the driveshaft 16' can 

at an angle to the output shaft of the transmission 12 and the ^ formed having a larger diameter center portion, a pair of 

input shaft of the axle assembly 14. ^ en( j portions having a reduced diameter, and a diameter 

The connections between the ends 20 of the driveshaft reducing portion extending between the center and end 

tube 16 and the universal joints 18 are usually accomplished portions. This type of driveshaft is more fully described in 

by a pair of end fittings 22, such as tube yokes or slip yokes. assignee's commonly owned U.S. Pat. Nos. 5,637,042 and 

The ends 20 of the driveshaft tube 16 are open and are 5,643,093, the contents of which are hereby incorporated by 

adapted to receive portions of the end fittings 22 therein. ^ reference. 

Typically, each end fitting 22 includes a tube seat (not The method of manufacturing the driveshaft 16' is shown 

shown) that is inserted into an open end 20 of the driveshaft m FIGS. 3 through 10. Initially, as shown in FIGS. 3 and 4, 

tube 16. Typically, the end fitting 22 is secured to the a forming die, indicated generally at 30, is provided. The 

driveshaft tube 16 by welding, adhesives, or similar re la- forming die 30 includes a pair of opposed die sections 31 

tively permanent attachment method. Accordingly, torque 30 and 32 that are supported for relative movement between 

can be transmitted from the transmission 12 through the first opened and closed positions. The die sections 31 and 32 

end fitting 22, the driveshaft tube 16, and the second end have cooperating recesses 31a and 32a formed therein 

fitting 22 to the axle assembly 14. which together define an internal die cavity having a desired 

FIG. 2 illustrates an improved structure for a vehicle shape. When moved to the opened position (not shown), the 

driveshaft assembly 15' in accordance with this invention. 35 die sections 31 and 32 are spaced apart from one another to 

As shown therein, the driveshaft assembly 15* includes a allow a workpiece to be inserted within or removed from the 

modified driveshaft, indicated generally at 16', that is com- die cavity. When moved to the closed position illustrated in 

posed of an inner tube 23 received within an outer tube 24 FIG. 3, the die sections 31 and 32 are disposed adjacent to 

in an axially overlapping or telescoping manner. In the one another so as to enclose the workpiece within the die 

illustrated embodiment, the inner tube 23 is connected to the 40 cavity. As best shown in FIG. 4, the die cavity of the forming 

front universal joint 18 (i.e. the universal joint 18 that is die 30 has a cross sectional shape that is generally circum- 

connected to the output shaft of the transmission 12), while ferentially undulating. However, the die cavity may be 

the outer tube 24 is connected to the rear universal joint 18 formed having any desired (preferably non-circular, as will 

(i.e. the universal joint 18 that is connected to the input shaft become apparent below) cross sectional shape, 

of the axle assembly 14). If desired, however, the inner tube 45 To begin the manufacturing process, the die sections 31 

23 may be connected to the rear universal joint 18, and the and 32 are initially moved to the opened position so that an 
outer tube 24 may be connected to the front universal joint end of the outer tube 24 can be inserted therebetween. Then, 
18. the die sections 31 and 32 of the forming die 30 are moved 

The driveshaft 16* is generally hollow and cylindrical in to the closed position about the end of the outer tube 24 as 

shape, having an axial length L defined by the distance 50 shown in FIGS. 3 and 4. Next, as shown in FIGS. 5 and 6, 

between the two ends 20 thereof. The overall length L of the the end of the outer tube 24 is expanded outwardly into 

driveshaft 16' can be varied in accordance with the vehicle conformance with the die cavity defined by the recesses 31a 

in which it is used. For example, in passenger cars, the and 32a of the die sections 31 and 32, respectively. This 

overall length L of the driveshaft 16* can be relatively short, expansion can be accomplished in any desired manner, such 

such as in the range of from about thirty inches to about fifty 55 as by mechanical deformation, electromagnetic pulse 

inches. In pickup trucks or sport utility vehicles, however, forming, hydroforming, and the like. As a result of this 

the overall length L of the driveshaft 16* can be relatively expansion, the end of the outer tube 24 is formed having a 

long, such as in the range of from about sixty inches to about circumferentially undulating cross sectional shape including 

eighty inches. Each of the inner tube 23 and the outer tube a plurality of radially outwardly extending regions 24a and 

24 extends for a portion of the total axial length L, with a 60 a plurality of radially inwardly extending regions 24b. As 
portion of the outer tube 24 and a portion of the inner tube will become apparent below, the outwardly extending 
23 defining an axially overlapped or telescoping region 26. regions 24a and the inwardly extending regions 24b of the 
Portions of the inner tube 23 and the outer tube 24 engage end of the outer tube 24 function as a female splined member 
one another within the axially overlapped region 26 to to provide a rotational driving connection with the inner tube 
connect them together for concurrent rotational movement 65 23. 

during normal operation, yet allow axial movement relative Following this expansion, an end of the inner tube 23 is 

to one another when a relatively large axially compressive inserted within the end of the outer tube 24, as shown in 
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FIGS. 7 and 8. Next, as shown in FIGS. 9 and 10, the end 
of the inner tube 23 is expanded outwardly into conformance 
with the end of the outer tube 24. This expansion can also be 
accomplished in any desired manner, such as by mechanical 
deformation, electromagnetic pulse forming, hydroforming, 
and the like. As a result of this expansion, the end of the 
inner tube 23 is also formed having a circumferentiaUy 
undulating cross sectional shape including a plurality of 
radially outwardly extending regions 23a and a plurality of 



23 will be subsequently expanded to conform with the shape 
of the outer tube 24. However, it will be appreciated that the 
method of this invention could be performed in the reverse 
order. For example, the inner tube 23 could be initially 
deformed about an internal forming die (defining an external 
die cavity, so to speak) to a desired shape, followed by the 
outer tube 24 being compressed to conform with the shape 
of the inner tube 23. Alternatively, the outer tube 24 and the 
inner tube 23 can be simultaneously deformed instead of 



radially inwardly extending regions 23b. As best shown in to being sequentially deformed as described and illustrated. 



FIG. 10, the outwardly extending regions 23a of the inner 
tube 23 extend into cooperation with the outwardly extend- 
ing regions 24a of the outer tube 24. Similarly, the inwardly 
extending regions 23b of the inner tube 23 extend into 
cooperation with the inwardly extending regions 246 of the 15 
outer tube 24. Thus, the outwardly extending regions 23a 
and the inwardly extending regions 23b of the end of the 
inner tube 23 function as a male splined member to provide 
a rotational driving connection with the outer tube 24. It can 
be seen, therefore, that the inner and outer tubes 23 and 24 20 
function as cooperating male and female splined members, 
thereby providing a rotational driving connection therebe- 
tween. 

The outwardly extending regions 23a and 24a and the 
inwardly extending regions 23a and 23b may extend con- 
tinuously around the entire perimeter of the overlapped 
region 26, as shown in FIGS. 4, 6, 8, and 10, or around only 
a portion thereof. Preferably, however, the outwardly 
extending regions 23a and 24a and the inwardly extending 
regions 23a and 23b are formed around the entire perimeter 
of the overlapped region 26. The number and configuration 
of the outwardly extending regions 23a and 24a and the 
inwardly extending regions 23a and 23b may vary depend- 
ing upon a number of factors, including the torque require- 
ments of the driveshaft 16', the physical sizes of the inner 
tube 23 and the outer tube 24, and the materials chosen for 
the driveshaft 16'. However, any number of outwardly 
extending regions 23a and 24a and the inwardly extending 
regions 23a and 23b may be spaced apart around the entire 
perimeter of the overlapped region 26 or a portion thereof. 

In operation, the outwardly extending regions 23a and 
24a and the inwardly extending regions 23a and 23b coop- 
erate to form a mechanical interlock between the inner tube 
23 and the outer tube 24 that increases the overall torque 
carrying capacity of the driveshaft 16'. When a relatively 
large axial force is applied to the ends of the telescoping 
driveshaft 16', however, the inner tube 23 will be forced to 
move axially within the outer tube 24. Accordingly, the 
overall length of the driveshaft 16' collapses or shortens, 
thereby absorbing energy during this process. Typically, 
appropriately large axial forces are generated during a 
front-end impact of the vehicle with another object that 
cause this collapse to occur. 

As discussed above, the method of this invention con- 
templates that the outer tube 24 will be initially expanded to 
a desired shape within the forming die 30, then the inner tube 
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In accordance with the provisions of the patent statutes, 
the principle and mode of operation of this invention have 
been explained and illustrated in its preferred embodiment. 
However, it must be understood that this invention may be 
practiced otherwise than as specifically explained and illus- 
trated without departing from its spirit or scope. 

What is claimed is: 

1. A method of manufacturing a driveshaft assembly 
comprising the steps of: 

(a) disposing an end of a first tube relative to a forming die 
defining a die cavity; 

(b) deforming the end of the first tube into conformance 
with the die cavity of the forming die; 

(c) disposing an end of a second tube in an overlapping 
relationship relative to the deformed end of the first 
tube; and 

(d) defonning the end of the second tube into conform- 
ance with the deformed end of the first tube without 
further deforming the end of the first tube. 

2. The method defined in claim 1 wherein said step (a) is 
performed by providing a forming die having first and 
second die sections including respective recesses that coop- 
erate to define an internal die cavity. 

3. The method defined in claim 2 wherein said step (a) is 
performed by initially moving the first and second die 
sections to an open position, disposing the end of the first 
tube between the first and second die sections, and moving 
the first and second die sections to a closed position. 

4. The method defined in claim 1 wherein said step (a) is 
performed by providing a forming die defining a die cavity 
having a radially inwardly extending portions and radially 
outwardly extending portions. 

5. The method defined in claim 1 wherein said step (b) is 
performed by mechanical deformation. 

6. The method defined in claim 1 wherein said step (b) is 
performed by electromagnetic pulse forming. 

7. The method defined in claim 1 wherein said step (b) is 
performed by hydroforming. 

8. The method defined in claim 1 wherein said step (d) is 
performed by mechanical deformation. 

9. The method defined in claim 1 wherein said step (d) is 
performed by electromagnetic pulse forming. 

10. The method defined in claim 1 wherein said step (d) 
is performed by hydroforming. 
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[57] ABSTRACT 

The present invention relates to molds and mold portions 
that comprise or have integrated therewith a resinous mate- 
rial and comprise at least one electromagnetic actuator 
imbedded in the resinous material, so as to be capable of 
further forming the at least one precursor area of the work 
piece. The resin is used to locate the coil, and clamps or 
other restraints preferably are used to keep the weaker 
electrically insulating resin out of a state of large tensile 
stress or strain, which may cause it to fracture. Preferably, 
the resinous material comprises metallic flakes imbedded 
therein. 
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TECHNICAL FIELD OF THE INVENTION 

This invention relates to a hybrid matched tool- io 
electromagnetic forming apparatus incorporating electro- 
magnetic actuator coils, methods of forming metal using 
same, and metal articles made therefrom. This invention has 
a variety of applications including forming large sheets of 
conductive metal, such as that which may be used in 15 
automobile manufacture. 

BACKGROUND OF THE INVENTION 

Electromagnetic forming is a method of forming sheet 
metal or thin walled tubes that is based on placing a 
work-coil in close proximity to the metal to be formed and 
running a brief, high intensity current pulse through the coil. 
If the metal to be formed is sufficiently conductive the 
change in magnetic field produced by the coil will develop 
eddy currents in the work piece. These currents also have 
associated with them a magnetic field that is repulsive to that 
of the coil. This natural electromagnetic repulsion is capable 
of producing very large pressures that can accelerate the 
work piece at high velocities (typically 1-200 meters/ 
second). This acceleration is produced without making 
physical contact to the work piece. The electrical current 
pulse is usually generated by the discharge of a capacitor 
bank. This field has been developed by many individuals and 
companies and is widely used for the forming and assembly 
of tubular and sheet work pieces. Several excellent reviews 
of the field are available, including Moon, F. C, Magneto- 
Solid Mechanics, ASTME, High Velocity Forming of 
Metals, revised edition (1968); Plum, M. M., Electromag- 
netic Forming, Metals Handbook, Maxwell Laboratories, 
Inc., pp. 644-653; and Belyy, I. V, Fertik, S. M. and 40 
Khimcnko, L. T., Electromagnetic Metal Forming 
Handbook, Khar'kov State University, Khar'kov, USSR 
(1977) (Translation from Russian by M. M. Altoynova 
1996), all of which are hereby incorporated herein by 
reference. Examples of prior art patents involving electro- 
magnetic forming include U.S. Pat. No. 4,947,667 to Gunkel 
et al., U.S. Pat. No. 4,531,393 to Weir et aL, U.S. Pat. No. 
5353,617 to Cherian et al., U.S. Pat. No. 3,998,081 to 
Hansen et al., U.S. Pat. No. 5,331,832 to Cherian et al., U.S. 
Pat. No. 5,457,977 to Wilson, U.S. Pat. No. 4,619,127 to 
Sano et al., U.S. Pat. No. 4,473,862 to Hill, U.S. Pat. No. 
4,151,640 to McDermott et al. and U.S. Pat. No. 5,016,457 
to Richardson et al., all of which are hereby incorporated 
herein by reference. 

Electromagnetic forming can be carried out on a wide 
range of materials and geometries within some fundamental 
constraints. First, the material must be sufficiently electri- 
cally conductive to exclude the electromagnetic field of the 
work-coil. Hie physics of this interaction have been well 6Q 
characterized. 

It is an object of the present invention to provide appa- 
ratus and methods that take advantage of such actuators and 
to use them in conjunction with, mold and tool bodies. 

Although not limited in their application to the automo- 65 
bile industry, many of the problems solved and advantages 
achieved with the apparatus and methods of the present 
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invention can be appreciated by reference to the problems 
faced in the forming of sheet metals in that industry. 

The automotive industry is currently interested in produc- 
ing automobile body parts from aluminum alloys. The 
weight saving of up to 50% of the body-in white and its 
attendant gains in fuel efficiency are largely responsible for 
this interest. Additionally, the superior recycle characteristic 
of aluminum is recognized as becoming of increasing impor- 
tance as the total life cycle cost of automobiles becomes an 
issue. [DuBois 1996, Henry 1995]. 

The press forming of aluminum alloys have problems in 
comparison to steel principally due to very low strain rate 
hardening, low r (strain ratio) value and high galling ten- 
dency. In particular the lack of strain rate hardening behavior 
in aluminum alloys at room temperature is troublesome 
since this is the characteristic that allows post uniform 
plastic strain in a sheet metal. All good draw quality sheet 
steels have enhanced strain rate sensitivity which is identi- 
fiable by a long arching stress-strain curve. The press 
forming handicap of aluminum alloys, measured by the lack 
of strain rate sensitivity, is shown by the direct comparison 
of the stress-strain curves for typical auto body steel and 
aluminum sheet FIG. 10 which was adapted from an Alu- 
minum Association report [Al Assoc., 1996]. 

Despite the press working "fussiness" of aluminum, car 
builders are currently using aluminum for selected body 
panels such as hoods outer door skins and trunk lids. These 
are parts that are geometrically simple and can be stretch- 
draw formed with conventional matched tools. However, the 
propensity of aluminum alloys to neck and tear at relatively 
low strain levels, makes many of the more geometrically 
complex body parts extremely difficult or impossible to 
produce in aluminum with conventional matched tools. A 
side-by-side comparison of two automobile door-inner pan- 
els from the same stamping die was conducted to manifest 
the material characteristics shown in FIG. 10. A fully formed 
panel of specified production steel sheet that was produced 
after set-up trials indicated satisfactory tool performance. A 
second panel of 6111-T4 aluminum of the same gauge as the 
steel was processed directly after the steel panel. The 
aluminum panel showed wrinkling and large splits that 
occurred within the first 25% of the tool stroke, which was 
not unexpected. 

Fluid pressure forming methods such as Verson-Wheelon, 
ABB or Hydro form can extend the formable geometry for 
aluminum sheet somewhat but at the cost of long cycle time 
leading to unacceptably low production rates. Fluid pressure 
methods have high capital equipment costs compared to 
conventional press machines due principally to the high 
static operating pressures. 

Several aluminum alloy exhibit superplastic creep behav- 
ior which can be utilized to produce very complex sheet part 
geometries. Current superplastic forming methods also suf- 
fer from inherently long cycle times in addition to requiring 
high temperatures and specialized alloys. Control of super- 
plastic forming is inherently more complex in that it requires 
the explicit control of worksheet temperature and forming 
gas pressure during the forming cycle. The capital costs 
equipment costs are also significantly greater than the con- 
ventional [Laycock, 1982]. 

A compromise solution might be to change the part 
designs to shapes which can be produced in aluminum using 
current production methods. Another solution would be a 
new sheet forming method which could overcome the form- 
ability short-comings of aluminum alloys while maintaining 
acceptable production rates (150-300 parts/hr. for large 
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body panels). Such a processes would be less restrictive for press machines and controls required for this process can be 
the automobile designers and thus more appealing to the very simple in their fundamental design. The most corn- 
industry. In addition, this improved forming performance monly used press machines are mechanical, based on some 
must be attainable with capital equipment and tooling variation of the simple slider-crank mechanism. Hydraulic 
expenditures which will maintain competitive production 5 presses, which can provide independent control of speed and 
part costs. To this end, it would be an added advantage if this position of the tool halves during the forming stroke which 
new method could actually provide a reduction in tooling can beoeflt forming. However, the tool set must still be 
costs compared to current practice. Such a cost reduction brought to the same closed position for the part to be fully 
may be attainable if, for instance, the new method required formed. 

only a single part-surface tool instead of a precisely matched 10 Sheet forming with matched tooling is the process that the 

pair. Single-sided form tools, currently used in the fluid industry has a great deal of accumulated knowledge about, 

forming processes need fewer trials and subsequent geom- Essentially, the entire installed press machine population of 

etry alterations before producing good parts. Another highly ^ industry is optimally designed for the matched tool 

beneficial attribute of the new process would be implemen- method. 

tation using the installed press machines that are currently 15 ^ cos{ 0 f producing matched tools is highest of the tool 

used by the industry for conventional sheet metal stamping. of me conventional processes of interest here. Tooling 

Hypothetically, a method that would completely fulfill the f or other sheet forming methods such as fluid pressure 

performance criteria listed above might be designed using a forming, can be significantly less expensive and produced in 

"clean sheer approach. However it is quite likely that many i ess time since only one form surface is required. However 

of the attributes of current processes would be re-invented. 2 o fluid pressure methods has not displaced conventional 

Most complex technologies emerge in a evolutionary matched tool forming to any significant extent. The reason 

manner, incrementally with occasional forward leaps. is simply that tooling cost are not the principle driving force 

Therefore, an examination of existing methods for evidence in auto body part production, 

of partial solutions to the total problem is appropriate. Fluid Pressure Forming 

It is therefore an object of the present invention to produce 25 The fluid pressure processes used past and present have 

hybrid apparatus and methods that go further toward meet- demonstrated certain of the desired traits of the process of 

ing the ideal performance goals than the prior art devices and the present invention. Principle among these traits is an 

methods. extended forming capability as measured by Limit Draw 

The existing processes of interest as components of a Ratio (LDR). Further, the extended LDR is applicable to 

combined hybrid method are; conventional matched tools, 30 many of the hard-to-form alloys. [Yossifon and Tirosh, 

fluid pressure processes and the high velocity, impulse 1990, Nakamura and Nakagawa, 1987]. 

power processes. The common characteristic that these Fluid pressure sheet forming is a force control process as 

methods share is a general insensitivity to alloy type or opposed to position control required for matched tool 

inherent restriction of forming rate. Superplastic forming method. In fluid pressure forming, the blank sheet is forced 

has been omitted under this same rational, although near 35 over a male punch tool or into a female die by the pressure 

term developments in superplastic forming may indeed action of a fluid (usually oil or water). Since the pressurized 

increase its viability as a production method for aluminum fluid replaces the action of one of the tool halves of the 

auto body panels. Each of the included methods have a matched tool method, fluid pressure forming has also been 

significant track record in some production niche and have called "universal die" forming. Fluid pressure forming has 

attributes which are partial solutions to the overall problem 40 been most successfully applied to smaller parts using large, 

of production stamping of aluminum alloy sheet. In the expensive, slow, specialized press machines. Fluid pressure 

interest of clarity, the characteristics of these methods are sheet forming machines are structurally heavier than 

briefly described below. If more detailed information on matched tool (conventional) press machines for a given size 

these constituent methods is desired, the reader is referred to of part. The larger machine structure is a direct consequence 

any good text or handbook of industrial metal forming 45 of the very high static pressure required to forming small 

practice [e.g. Lange, 1985, Lascoe,1988]. inside (free) corner radii. The high pressure is applied over 

Matched Tools the entire plan area of the part, generating very large 

The use of matched tools is the most common method of structural loads in the machine frame. These high loads are 

producing sheet metal parts in the auto industry. If aluminum quite disproportional to the level of plastic work done to the 

parts for the body-in-white could be produced in matched 50 part. In order to reduce the high peak pressures, it is common 

tooling, with the same level of development effort as steel to employ auxiliary forming tool sections. The auxiliary tool 

parts, the auto industry would look no further. Any other sections are placed in partially formed part to act as pressure 

potential benefits of a new method would, unfortunately, be concentrators at the sharper part features. Since the machine 

ignored in favor of the more familiar method. must go through another cycle, this use of auxiliary tool 

In matched tool forming a flat sheet blank is pressed into 55 sections approaches the cost of a full secondary operation, 

the desired shape between a male and female set of form High Velocity Forming 

tools. The female tool, usually referred to as the die, carries, High velocity sheet forming, also referred to as "high 
in essence, the outside shape of the part. Similarly, the male energy rate" fonning is not well known outside of the 
tool, referred to as the punch, carries the inside shape of the aerospace industry. However, this forming technology has 
part. In addition to the punch and die, virtually all matched 60 been in commercial use, in some form, for close to a century 
tool sets have a third component called the blank holder [Ezra, 1973]. The first applications were the forming of large 
which holds the blank in position against the die face and domes from plate using chemical explosives. Later, electro- 
assist forming by controlling sheet draw-in. magnetic pulses and submerged electric arc (electro- 
The matched tool fonning method is essentially a position discharge, electro-hydraulic) discharges were employed to 
control process. When the tool halves are closed on the sheet 65 generate very high power events which resulted in produc- 
blank to a predetermined shut height, the part is fully ing the very high deformation rates characteristic of these 
formed. Since forces need not be directly controlled, the processes. The deformation velocities generated in the clec- 
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tromagnetic and electrohydraulic processes are lower than chemical explosives, electro-hydraulic and electromagnetic 

the velocities achievable with explosives but are still 100 to pulse were developed. The most widely used during the late 

1000 times greater than the deformation rates of the quasi sixties and early seventies was the electro-hydraulic method, 

static processes like matched tool or fluid pressure forming However to date, only the electromagnetic pulse method has 

(-0.1 vs. 100 m/s). Such high deformation rates are known 5 gained significant acceptance outside the aerospace industry, 

to significantly extend the deformation capacity of many Since the electromagnetic pulse and to a lesser extent, 

metals[Wood 1963, Orava 1967]. FIG. 11 summarizes the electro-hydraulic methods have the greatest potential of 

results of some early experiments in high velocity forming meeting the requirements, such as cycle time, of automotive 

of sheet metals. Note that FIG. 11 reports average strain type of manufacturing, only these two high velocity forming 

rather than maximum strain at failure which has become the 10 methods will be discussed further, 

more accepted figure of merit since the introduction of Electromagnetic 

Forming Limit Diagrams (FLD). FIG. 12 shows the results Electromagnetic sheet forming, also known as magnetic 
of more recent experiments in high velocity forming of pulse forming, is based on the repulsive force generated by 
aluminum alloys presented in FLD data format. It should be the opposing magnetic fields in adjacent conductors. The 
noted that the data of FIG. 11 is for unconstrained "free" 15 primary field is developed by the rapid discharge of a 
dome tests while certain high velocity data in FIG. 12 could capacitor bank through the "driver coil" conductor and the 
be confounded by an ironing effect due to impact with a opposing field results from the eddy current induced in the 
covering conical die cap. The ironing effect compliments the "work piece" conductor. Therefore, a fundamental require- 
primary hyper-plastic effect of inertial stabilization of neck- ment for this type of electric pulse energy is that the work 
ing. 20 piece must be an electrical conductor. The efficiency of 
Hyper-plasticity under free flow conditions has been electromagnetic forming is directly related to the resistance 
chiefly attributed to suppression of local necking due to of the work piece material. Materials which are poor con- 
material inertia rather that changes in the constitutive behav- ductors can only be effectively formed with electromagnetic 
ior of the material. Although, much higher than conventional energy if a auxiliary driver plate of high conductivity is used 
sheet forming rates, the velocities of these "high rate" 25 to push the work piece. 

processes generate strain rates that are generally lower than Electromagnetic fonning of axisymmetric parts, using 

rates associated with changes in constitutive behavior either compression or expansion solenoid type forming coil 

(lO^lO 3 Vs 10 4 sec" 1 ) [Follansbee and Kocks 1988.] is, to date, the most widely used of the electric pulse energy 

Results of analytic and numerical simulations indicates that methods. The common application is for the swaging of 

the inertia of material mass itself resists the high velocity 30 tubular components onto coaxial mating parts for assembly, 

changes inherent in the formation of local necking regions at Not as common is the forming of shallow shells from flat 

high deformation rates [Fyfe and Rajendran 1980, Banerjee sheets using flat spiral coils. FIG. 13 shows schematics of 

1984, Fressengeas and Molinari 1985, Han and Tvergaard the general classes of electromagnetic forming coils and 

1994, Hu and Daehn 1995]. Many of the commercial metals work pieces. Note that axisymmetric or tube compression 

including aluminum alloys have demonstrated increases in 35 forming onto a male form tool is also possible, 

ductility of 100% or more in comparison to the elongation Electromagnetic pulse forming is currently used in the 

obtained at low, quasi-static rates [Wood 1963, Balaneth- automotive industry most commonly for crimping and 

iram and Daehn 1992] The extended ductility is available swaging operations on tubular type parts. One high produc- 

over a broad range of work piece velocities which are tion example of the industrial application of electromagnetic 

specifically material dependent but generally lie between 50 40 pulse forming is the pressure tight crimping of canister type 

and 300 rn/sec. The upper deformation velocity limit for a oil filter assemblies. 

material is dependent on specimen geometry, and boundary Electromagnetic forming can be performed under low 

conditions which determine whether or not plastic deforma- efficiency conditions without coils. In this case the work 

tion front "wave" propagation effects can become significant piece itself forms part of the direct current path closing the 

[von Karman and Duwez, 1950]. Except for cases of essen- 45 circuit on the charge source. For this reason it could also be 

tially simultaneous, uniform deformation such as in the called "direct" electromagnetic fonning. If the part pre-form 

electromagnetic expansion of thin rings, "wave" fronts will is such that the current flow is parallel to itself, the driving 

be present. form pressure can be contained completely within the part. 

The high velocity processes were extensively investigated If the initial part geometry does not permit a parallel current 

during the twenty year period from approximately 1955 to 50 flow, then an insulated "reaction" blocks of highly conduc- 

1975. By 1962, a bibliography containing hundreds of five material must be placed close to the part area to be 

abstracts was published by the USAF [Strohecher, 1962]. In formed, opposite to the direction of desired deformation. An 

1968, a textbook summarizing all the then current methods opposing eddy current will be induced in the reaction block 

was publish by the American Society of Tool and Manufac- which can generate the desired repulsive magnetic fonning 

turing Engineers [Bruno, 1968]. Texts covering specific 55 pressure on the part. This condition is the inverse of more 

methods were published by other authors [Rienhart, 1963, conventional electromagnetic forming where the induced 

Ezra, 1973]. Interest in high velocity metal forming was eddy current is in the work piece. In general, part geometries 

principally centered in the aerospace industry and directed will allow only a single current loop path. Therefore, such 

by military and space craft applications. Explosive forming "direct" forming will tend to have rather low electromag- 

of large radar domes and missile nose caps proved to be 60 netic force efficiency compared to separate multi-turn coils 

superior in part quality and cost when compared to welded which can generate greater force per ampere on the work 

fabrications [Areojet General 1961]. This success led to piece, 

application to smaller parts and eventually to the develop- Electro -Hydraulic 

ment of several machine based systems. These systems Submerged electric arc discharge has been commonly 

attempted to capitalize on the hyperplasticity and complex 65 referred to in the literature as electro-hydraulic forming. The 

shape forming characteristics of the various processes for essential characteristics of this class of electric pulse power 

higher volume applications. Machine systems based on forming is the rapid discharge of kilo-joule levels of electric 
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energy across a pair of electrodes submerged in a suitable 
fluid. The resulting arc vaporizes the nearby fluid, generat- 
ing a small zone of plasma with of temperature in the 
thousands of degrees Kelvin and correspondingly high pres- 
sure. The rapid expansion of the plasma kernel transfers 5 
energy through the fluid to the work piece by a pressure 
shock wave followed by the momentum of the fluid dis- 
placed by the expanding gas bubble. The gas bubble actually 
expands and contracts several times before it dissipates in a 
manner analogous to the ring-down of the current through 10 
the coil in electromagnetic forming. The majority of the 
deformation work is done by the first expansion just as it is 
mostly accomplished by the first half pulse of current in the 
electromagnetic case. 

The initiation of the arc can be assisted by the use of a 15 
small diameter "bridge" wire placed between the electrodes. 
It has been demonstrated that the use of a bridge wire 
provides for more consistent results by producing a more 
repeatable arc event in position and strength. However, the 
use of a bridge wire also makes the process more difficult to 20 
automate. Both variations have been used in commercial 
electro-hydraulic forming machines. FIG. 14 is a design 
schematic of a electro-hydraulic forming system. The pres- 
sure shock wave carries about half the energy from the 
discharge. The other half of the discharge energy is carried 25 
by the kinetic energy of the moving fluid surrounding the 
plasma bubble. However, the fluid kinetic energy is shown 
to provide the majority of the usable deformation energy 
[Caggiano et al 1963, Ezra,1973]. Although, the pressure 
shock can be directed by reflectors to focus on the work 30 
piece, the energy of the fluid momentum can not be easily 
directed and much is dissipated against the containment 
structure. One disadvantage of EH forming is that its energy 
efficiency is much lower than EM, due in part to the basic 
spherical nature of the pressure wave front, which is less 35 
efficient than a plane wave in most applications. The effi- 
ciency of electro-hydraulic forming is dependent on several 
system parameters and is generally given as 5-10% for most 
applications with a maximum of 15%.[Bruno, 1968]. 

An allied method, similar to electro-hydraulic should be 40 
briefly described here for completeness. This method, 
termed Shock Tube Hydraulic, the deformation energy is 
transferred to the work piece by the action of pressure shock 
and fluid momentum as in electro-hydraulic. The difference 
lies in the manner in which the pressure shock wave is 
generated and the proportion of the total energy contained in 
fluid momentum. In Shock Tube Hydraulic, the shock wave 
is generated by the rapid repulsion of a conducting driver 
plate with one side in contact with the working fluid, from 



surrounding the driver plate and coaxial with its velocity 
serves to direct the fluid energy to a specific area. A 
schematic of one possible design of a shock tube assembly 
is shown in FIG. 15. FIG. 15 shows coil 160, driver plate 
161, bellows 162, vacuum chamber 163, guide tube 164, die 
surface 165 and metal sheet 166. The basic effectiveness of 
this method has been demonstrated by the hydrodynamic 
equivalent method of a drop hammer on a water column. The 
use of a shock tube generated pressure pulse was also shown 
to be more than twice as energy efficient as compared to 
electro-hydraulic forming methods [Vafiadakis et al 1965]. It 
is not known whether the electromagnetic version of the 
shock tube hydraulic presented here has been reduced to 
practice to date. 

Electro-hydraulic systems were investigated by several of 
the US. auto makers, but considered to be too slow for even 
limited production on the smaller parts that the machines of 



that time could handle. Further, there were process control 
problems with these machines which further reduced the 
attractiveness to highly cost competitive, high volume 
industries. 

During the 1960's, a decade before the Oil Crisis, there 
was not a strong interest in fuel savings from the weight 
reduction available with aluminum auto bodies. Without a 
serious need for the improved forming of aluminum alloy 
sheet or the general extended plasticity provided by the high 
velocity methods, the auto industry of the sixties had no 
inclination to seek solutions to the short comings of the high 
velocity forming processes in wide spread use by aircraft 
manufacturers. 

The aerospace industry continues to utilize all of the high 
velocity forming methods to some extent, including electro- 
hydraulic. However, in recent years the electro-hydraulic 
process has been largely supplanted by improved fluid 
pressure forming systems. This is due, in part, to the fact that 
the size capacity of most electro-hydraulic machines were 
similar to the new fluid pressure forming systems. Further, 
the tooling for a quasi-static pressure process is lighter and 
often less expensive since it does not need to withstand the 
shock loading inherent in the electro-hydraulic process. The 
newer fluid pressure forming systems have increased peak 
pressure and reduced cycle time while improving the pro- 
cess repeatability by computerized pressure profile control. 
In contrast, there has not been any further improvements to 
the electro-hydraulic machines since the early 1970's. 
Consequently, electro-hydraulic forming is used in new 
applications by aerospace fabricators principally for parts 
which require higher peak forming pressures than the quasi- 
static fluid forming systems can generate. [Rorh Corp.] 

The high velocity methods of sheet forming are the least 
common of the methods described herein. Table 1.1 is 
therefore provided as a summary of the past applications of 
these methods to forming of sheet metal stampings. 

TABLE 1.1 

Matrix of electrically driven, high velocity 
forming processes and sheet metal part type 



Part Type* 
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Deep 


Drape 


Tube 


45 


Process 


Pan 


Draw 


Form 


Form 
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-commonly done 


-not done 
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-very com- 
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to-date 
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magnetic 


tools 


difficult due 


-male tools 


male or fe- 




coils 


non-conduct- 


to rapid de- 
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male tools 




good 


ing best 
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OK 


low conduct- 
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conductor 


-repeatability 
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ing best 
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-medium 


ity good 






production 
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production 
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-high pro- 


55 










duction 


CEM 


-new, promising 


-new, not 
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practical 
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male tools 
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to rapid de- 
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TABLE 1.1 -continued 



Matrix of electrically driven, high velocity 
forming processes and sheet metal part type 

PartTVpe* 





Shallow 
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Process 
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Form 


Form 


ductivity 
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ducting OK 




conducting 
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problem 
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-medium 
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production 


multi-shots 




production 


on work 











*Part type descriptions: (informal) 

Shallow Pan: Parts principally stretch-formed with mostly 
bosses and narrow beads having depths up to approximately 
15x sheet thickness 

Deep Draw: Parts whose depth to breath ratio and geom- 
etry require sheet to be pulled in to limit plastic strains. 

Drape Form: Similar to Shallow Pan type parts but can be 
deeper if sides have sufficiently open angle. Completely 
ballistic, no blank restraint 

Tube Form: Parts formed by expansion or compression of 
simple tube section pre-forms, usually axisymmetric. 
Includes clinching assembly of multiple components 

Accordingly, it is an object of the present invention to 
provide improved apparatus and methods for the forming of 
metal work pieces, such as auto body size parts of aluminum 
alloy sheet. It is another object of the present invention to 
provide improvement in metal forming as measured, for 
instance, by the extent to which the new method increases 
the geometric forming limits of aluminum alloys in com- 
parison to those obtainable using the prevalent commercial 
method of matched tool forming. 

The potential advantages and disadvantages of each varia- 
tion of the methods of the present invention is briefly 
discussed herein, along with the rational for proceeding with 
the MT-EM methods of the present invention. 

In view of the following disclosure, other advantages of 
the invention, and the solution to other problems using the 
invention, may become apparent to one of ordinary skill in 
the art. 

SUMMARY OF THE INVENTION 

The present invention includes several variations of the 
apparatus of the present invention, methods of its use, and 
metal pieces formed using the inventive apparatus and 
method. Each aspect and feature of the apparatus of the 
present invention may be used independently of other fea- 
tures and aspects, as will be apparent. Also, the many 
embodiments of the apparatus of the present invention may 
be used to practice any of the variations of the methods of 
the present invention. 

General Mechanical Mold with Integral Electromagnetic 
Forming Apparatus 

The present invention includes an apparatus for forming 
a metal work piece into a target shape, the apparatus 
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comprising: (a) a male mold portion having a mold side and 
a back side; (b) a female mold portion having a mold side 
and a back side; the mold side of male mold portion and the 
mold side of female mold portion adapted to mate incom- 
pletely so as to deform a work piece disposed therebetween 
into a precursor shape, so as to leave at least one precursor 
area of the work piece to be further or finally formed; (c) at 
least one of the mold portions comprising at least one 
electromagnetic actuator so as to be capable of further 
forming the at least one precursor area. The invention 
additionally may comprise: (d) a current power source 
adapted to produce a current pulse through the at least one 
electromagnetic actuator, so as to produce a magnetic field 
in the at least one precursor area so as to deform the at least 
one precursor area into a target shape. 

The apparatus may be such that the at least one actuator 
comprises an electromagnetic actuator comprising a central 
current conduit, the central current conduit adapted to con- 
duct a current pulse in a first current direction and having 
first and second sides, and a third side perpendicular to a 
direction between the first and second sides, the central 
current conduit divided into at least two return current 
conduits, at least one of the at least two return current 
conduits extending along a first and second side of the 
central current conduit and adapted to conduct the current 
pulse in a second direction to an electrical ground. 
Preferably, the magnetic field is stronger in the center 
portion of the at least one precursor area than in the side 
portions of the at least one precursor area. 

The apparatus of the present invention may be such that 
the central current conduit and the at least two return current 
conduits have at least one of the following characteristics: 
(1) the central current conduit and the at least two return 
current conduits are substantially coplanar, (2) the at least 
two return current conduits form substantially planar coils, 
(3) the central current conduit and the at least two return 
current conduits are linear and substantially coplanar, (4) the 
central current conduit and the at least two return current 
conduits are linear, substantially coplanar and parallel, and 
(5) the central current conduit and the at least two return 
current conduits are curvilinear and substantially parallel. 

The central current conduit and the at least two return 
current conduits may form a substantially symmetrical work 
force area, or they may form an asymmetrical work force 
area. 

The central current conduit and the at least two return 
current conduits also may form an elongate work force area 
having a longitudinal axis extending substantially parallel to 
the central current conduit. 

Electromagnetic Forming Coil imbedded In Resinous Mate- 
rial 

The mold or mold portion(s) may comprise or have 
integrated therewith a resinous material and comprise at 
least one electromagnetic actuator imbedded in the resinous 
material, so as to be capable of further forming the at least 
one precursor area of the work piece. The resin is used to 
locate the coil, and clamps or other restraints preferably are 
used to keep the weaker electrically insulating resin out of 
a state of large tensile stress or strain, which may cause it to 
fracture. Preferably, the resinous material comprises metal- 
lic flakes imbedded therein. Typically, as a macroscopic 
property, the resin with metallic flakes should be electrically 
insulating, although the flake may provide local electrical 
conductivity. 

The electromagnetic actuators of the present invention 
that are used in conjunction with a mold body of die 
typically will be both non-planar and non-axisymmetric, and 
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are preferably dimensionally stable. Actuators of this type portions of the coil or otherwise, to resist the strain when 

are particularly adapted for use along the back side of the they are supplied with current. Such restraints may be one or 

male portions of mold bodies or die that are adapted to more clamps, typically insulated. 

mechanically form the metal work piece into a precursor The present invention may use any electromagnetic actua- 

shape, followed by further electromagnetic forming ulti- 5 tor known in the art, or those of the types disclosed in U.S. 

mately to reach a final, complex target shape. These actua- P atcnt application Ser. No. 08/825,777 now U.S. Pat. No. 

tors may be hand-made, cast or machined from a block of 5,860,306 which is hereby mcorporated herein by reference, 

metal, and may even be made through use of appropriate Some ° f * c ^portant features of the present invention 

etching or milling equipment, such as laser etching m J hat *» ^ generally conform* to the precursor or 

. & , . & . 4 iijou pre-form shape of the work piece, and creates a field to form 

equipment that may be microprocessor ^trolled Such a 10 ^ work ^ ^ a subsj ^ uem ^ sh or ^ 

coil can be numerically cut from a billet, thus allowing &h as ^ case ^ Gcnerallv> the precursor shape(s) 

non-specialists to produce coils. Coils may be made by may ^ sach that it/they ^/are fabricable by traditional 

hand-fabrication methods, such as by bending and brazing mec hanical means, whereas the final shape (or, in some 

bars. For instance, the preferred coil material is Glidcop, an instances, subsequent precursor shapes leading ultimately to 

oxide dispersion strengthened copper. Glidcop is commer- 15 a fi na j shape) typically can only be fabricated by the 

cially available from ITT Industries. methods of the present invention. 

It is also preferred that the electromagnetic actuators) The coil may be wound in the traditional way or it may be 

comprise(s) opposing members, with one or more restraints cut from a block of metal that may even form part of the 

across the opposing members adapted to resist movement of mold body or be integrated onto the mold body; or it may be 

the opposing members when the electromagnetic actuator is 20 assembled from individual parts. 

supplied with current. Such restraints may be in the form of One of the key features of the preferred electromagnetic 

a clamp or equivalent mechanical arrangement adapted to actuator coils used in the present invention is the splitting, 

restrict movement of the actuator members with respect to and/or direction reversal, of the electrical current pulse one 

one another. or more times to balance the work-coil or forming actuator. 

General Mechanical Mold with "Cassettecr Integral Elec- 25 While the prior art was based on the use of concentric, 

tromagnetic Forming Apparatus unidirectional coils, the present invention makes possible 

Another aspect of the present invention is embodied in an the production of electromagnetic actuators that may be 
apparatus for forming a metal work piece into a target shape, tailored to a wide variety of geometries, including elongated 
the apparatus comprising: (a) a male mold portion having a shapes. The principal benefit of such pulse splitting (and/or 
mold side and a back side; (b) a female mold portion having 30 direction reversal) is that the actuator may produce a work- 
a mold side and a back side; at least one of the mold side of force distribution in the work-force area (that area served by 
male mold portion and the mold side of female mold portion the actuator) that concentrated or otherwise arranged about 
comprising a removable portion and adapted to mate incom- the center (for actuators of relatively equilateral geometry 
pletely so as to deform a work piece disposed therebetween such as multi-coil or polygonal geometries) or about its 
into a precursor shape, so as to leave at least one precursor 35 longitudinal axis for elongate actuators. The actuators of the 
area of the work piece to be finally formed; (c) the remov- present invention do not have the disadvantages associated 
able portion comprising at least one electromagnetic with prior art actuators such as discontinuous work-force 
actuator, the removable portion disposed so as to be capable distributions, such as those brought about by concentric, 
of further forming the at least one precursor area. The unidirectional coils of the prior art. 
invention additionally may comprise: (d) a current power 40 Generally speaking, the magnetic field produced by actua- 
source adapted to produce a current pulse through the at least tors of the preferred electromagnetic actuator coils is rela- 
one electromagnetic actuator, so as to produce a magnetic tively stronger in the relative center portion of the work- 
field in the at least one precursor area so as to deform the at force area than in the relative side portions of the work-force 
least one precursor area into a target shape. area. In this regard, reference to "relative center" and 

The removable portion may be used to be replaced by 45 "relative sides" is intended in a general sense, intending to 

another removable portion that it has undergone a routine or refer to the magnetic field produced by actuators of the 

unexpected repair operation (i.e., repair is one reason for present invention, whether the actuator has one or several 

using such cassettes), or to vary the force profile or coil degrees of symmetry. The central current conduit and the at 

arrangement where the coil cassettes are different. Thus, the least two return current conduits may form a substantially 

apparatus may also include a secondary removable portion 50 symmetrical or asymmetrical work-force area, although the 

adapted to replace one of the at least one removable portion, size and shape of the work-force area may be determined 

the secondary removable portion comprising at least one according to the desires of the operator and the requirements 

electromagnetic actuator such that the secondary removable of the work piece to be formed, as shown by the examples 

portion varies from the removable portion it replaces with provided herein. 

respect to the force profile produced thereby and/or number 55 In broadest terms, the apparatus of one embodiment of the 

or type of actuators or their geometry. This feature of the present invention includes an apparatus for forming a metal 

present invention can thus be used in reslriking the same part work piece, which comprises: (a) an electromagnetic actua- 

in steps involving different EM forming steps using different tor comprising a central current conduit, the central current 

actuator cassettes. conduit adapted to conduct a current pulse, and adapted to 

In such apparatus the male mold portion and the female 60 divide the current pulse so as to provide a divided current 

mold portion may be a resinous material, preferably with pulse, and a return current conduit adapted to conduct the 

metallic flakes imbedded therein, as described above. The divided current pulse to an electrical ground; and (b) a 

removable portion(s) themselves may comprise such a res- current power source adapted to produce a current pulse 

inous material wherein the electromagnetic actuators) is/are through the electromagnetic actuator so as to produce a 

imbedded therein. 65 magnetic field. 

It is also preferred that the electromagnetic actuator(s) The cross-section of the current conduit used in the 

have reinforcing restraints, typically placed across opposing electromagnetic actuator coils may be of any geometrical 
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shape, as exemplified in the accompanying figures and 
description. The invention is thus not limited to any par- 
ticular geometrical shape of the cross-section, and may be 
selected from any desired shape such as flat, round, square 
or other polygonal or irregular shapes. 

The apparatus of the present invention may also have a 
central current conduit and at least two return current 
conduits which have at least one of the following charac- 
teristics: (1) the central current conduit and the at least two 
return current conduits are substantially co-planar, (2) the at 
least two return current conduits form substantially planar 
coils, (3) the central current conduit and the at least two 
return current conduits are linear and substantially co-planar, 
(4) the central current conduit and the at least two return 
current conduits are linear, substantially co-planar and 
parallel, and (5) the central current conduit and the at least 
two return current conduits are curvilinear and substantially 
parallel. The central current conduit and the at least two 
return current conduits may form an elongate work-force 
area having a longitudinal axis extending substantially par- 
allel to the central current conduit. 

As one alternative, the central current conduit may also be 
adapted to divide the current pulse by being in the form of 
a mold body defining a mold shape against which the metal 
work piece is deformed. Such mold body may be in the form 
of mated male and female mold body portions. 

The actuators of the present invention may have the 
central current conduit and the at least two return current 
conduits that form either a substantially symmetrical work- 
force area or an asymmetrical work-force area. 

The power source may be selected from any power source 
capable of providing a current pulse of sufficient strength 
and duration to induce a work-force appropriate to form the 
work piece into the desired shape. Such parameters are well 
known to those skilled in the art. Examples include current 
pulses in the range of 5KA-100KA amps for times in the 
range of 1-100 milliseconds. For instance, the current power 
source may be in the form of a charged capacitor bank. 

The apparatus of the present invention may also have a 
work piece holder to hold the work piece during forming. 
Such a work piece holder may be in the form of a female 
mold body or a male mold body defining a mold shape 
against which the metal work piece is deformed. The appa- 
ratus may also have a work piece holder which comprises a 
first half adapted to fit along a third side of the actuator 
(where the return conduits are on respective first and second 
sides) so as to hold the metal work piece between the 
actuator and the first half, and a second half adapted to fit 
along a fourth side of the actuator opposite the third side. 

Any of the actuators of the present invention described 
herein may also be used with an apparatus for forming a 
metal work piece into a target shape, the apparatus com- 
prising: (a) an male mold portion having a mold side and a 
back side; (b) a female mold portion having a mold side and 
a back side; the mold side of the male mold portion and the 
mold side of the female mold portion adapted to mate 
incompletely so as to deform a work piece disposed ther- 
ebetween so as to form the work piece into a precursor 
shape, leaving at least one precursor area of the work piece 
to be finally formed; (c) at least one electromagnetic actuator 
disposed on one of the mold portions and opposite the at 
least one precursor area; and (d) a current power source 
adapted to produce a current pulse through the at least one 
electromagnetic actuator, so as to produce a magnetic field 
in the at least one precursor area so as to deform the at least 
one precursor area into a target shape. 

Any of the actuators described herein may be used with 
the methods of the present invention. 
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Method Of Forming A Metal Work Piece 

The present invention includes methods of forming a 
metal work piece. 
5 General Incomplete Mechanical Forrning+Electromagnetic 
Forming 

One method of the present invention involves a partial 
mechanical forming followed by electromagnetic forming. 
This method involves the forming of a metal work piece into 

10 a target shape, the method comprising the steps: (a) obtain- 
ing a metal work piece, the work piece having an original 
shape; (b) disposing the metal work piece in a mold com- 
prising an electronic actuator, the mold comprising: (i) an 
male mold portion having a mold side and a back side; (ii) 

15 a female mold portion having a mold side and a back side; 
the mold side of the male mold portion and the mold side of 
the female mold portion adapted to mate incompletely so as 
to deform a work piece disposed therebetween so as to form 
the work piece into a precursor shape, leaving at least one 
precursor area of the work piece to be finally formed so as 
to complete the target shape; (iii) at least one of the mold 
portions comprising at least one electromagnetic actuator so 
as to be capable of further forming the at least one precursor 

2j area; and (iv) a current power source adapted to produce a 
current pulse through the at least one electromagnetic 
actuator, so as to produce a magnetic field in the at least one 
precursor area so as to deform the at least one precursor area 
into a target shape; (c) closing the mold sides upon the metal 

30 work piece so as to form the work piece into the precursor 
shape; and (d) causing a current pulse to pass through the 
actuator, sufficient to produce a magnetic field of sufficient 
strength to deform the metal work piece from the precursor 
shape to the target shape. 

35 First Incomplete Mechanical Forming, Followed by Further 
Mechanical+Electromagnctic Forming 

Another variation of the present invention involves the 
initial mechanical forming, followed by further mechanical 
and electromagnetic forming. Such a method in broad terms 

40 may be described as a method of forming a metal work piece 
into a target shape, the method comprising the steps: (a) 
obtaining a metal work piece, the work piece having an 
original shape; (b) disposing the metal work piece in a mold 
comprising an electronic actuator, the mold comprising: (i) 

45 a male mold portion having a mold side and a back side; (ii) 
a female mold portion having a mold side and a back side; 
the mold side of the male mold portion and the mold side of 
the female mold portion adapted to mate incompletely so as 
to deform a work piece disposed therebetween so as to form 

50 the work piece into a precursor shape, leaving at least one 
precursor area of the work piece to be finally formed so as 
to complete the target shape; (iii) at least one of the mold 
portions comprising at least one electromagnetic actuator so 
as to be capable of further forming the at least one precursor 

55 area; and (iv) a current power source adapted to produce a 
current pulse through the at least one electromagnetic 
actuator, so as to produce a magnetic field in the at least one 
precursor area so as to deform the at least one precursor area 
into a target shape; (c) contacting the mold sides upon the 

60 metal work piece so as to form the work piece into a first 
precursor shape; (d) contacting the mold sides upon the 
metal work piece so as to form the work piece from the first 
precursor shape to a second precursor shape; and (e) causing 
a current pulse to pass through the actuator, sufficient to 

65 produce a magnetic field of sufficient strength to deform the 
metal work piece from the second precursor shape to the 
target shape. 
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First Incomplete Mechanical Forming+Electromagnetic 
Forming, Followed by Further Mechanical+Electromagnetic 
Forming 

Yet another variation of the present invention involves the 
initial partial mechanical forming and electromagnetic 
forming, followed by further mechanical and electromag- 
netic forming. This method may be described as a method of 
forming a metal work piece into a target shape, the method 
comprising the steps: (a) obtaining a metal work piece, the 
work piece having an original shape; (b) disposing the metal 
work piece in a mold comprising an electronic actuator, the 
mold comprising: (i) a male mold portion having a mold side 
and a back side; (ii) a female mold portion having a mold 
side and a back side; the mold side of the male mold portion 
and the mold side of the female mold portion adapted to 
mate incompletely so as to deform a work piece disposed 
therebetween so as to form the work piece into a precursor 
shape, leaving at least one precursor area of the work piece 
to be finally formed so as to complete the target shape; (iii) 
at least one of the mold portions comprising at least one 
electromagnetic actuator so as to be capable of further 
forming the at least one precursor area; and (iv) a current 
power source adapted to produce a current pulse through the 
at least one electromagnetic actuator, so as to produce a 
magnetic field in the at least one precursor area so as to 
deform the at least one precursor area into a target shape; (c) 
contacting the mold sides upon the metal work piece and 
causing a current pulse to pass through the actuator, suffi- 
cient to produce a magnetic field of sufficient strength to 
deform the metal work piece, so as to form the work piece 
into a first precursor shape; and (d) contacting the mold sides 
upon the metal work piece and causing a current pulse to 
pass through the actuator, sufficient to produce a magnetic 
field of sufficient strength to deform the metal work piece, so 
as to form the work piece from the first precursor shape to 
the target shape. 

With respect to the methods of the present invention, 
typically the work piece will have a shape designed specifi- 
cally for additional electromagnetic forming in subsequent 
steps. The precursor form may be created by any traditional 
mechanical forming, such as during this closing action of a 
mold or tool/die combination. The precursor form or shape 
may be flat or a specially designed shape for the desired 
purpose and application of the present invention. 
General Simultaneous Mechanical Forming* 
Electromagnetic Forming, Preferably Pulsed 

The present invention includes a method of forming a 
metal work piece into a target shape, said method compris- 
ing the steps: (a) obtaining a metal work piece, said work 
piece having an original shape; and (b) forming said metal 
work piece by mechanical action while simultaneously 
subjecting said work piece to electromagnetic forming, so as 
to deform said metal work piece from said original shape to 
said target shape. 

The present invention also includes a method of forming 
a metal work piece into a target shape, the method compris- 
ing the steps: (a) obtaining a metal work piece, the work 
piece having an original shape; (b) disposing the metal work 
piece in a mold comprising a electronic actuator, the mold 
comprising: (i) a male mold portion having a mold side and 
a back side; (ii) a female mold portion having a mold side 
and a back side; the mold side of the male mold portion and 
the mold side of the female mold portion adapted to mate so 
as to deform a work piece disposed therebetween; (iii) at 
least one of the mold portions comprising at least one 
electromagnetic actuator; and (iv) a current power source 
adapted to produce a current pulse through the at least one 
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electromagnetic actuator, so as to produce a magnetic field 
so as to be capable of deforming the work piece; (c) closing 
the mold sides upon the metal work piece while causing at 
least one current pulse to pass through the actuator, so as to 

5 deform the metal work piece from the original shape to the 
target shape. Preferably, the at least one current pulse 
comprises a series of current pulses. It should be noted that 
this type of pulse-forming can be used with both incom- 
pletely mated mold or tool/die combinations, and with mold 
or tool/die combinations that achieve a complete desired 
shape such that the pulse forming can be used to augment 
mechanical forming to a complete or final desired shape. 

It should be noted that there generally are two purposes 
for the EM pulsing: (1) to obtain formability in excess of 
what is obtainable using traditional forming alone and (2) to 

15 alter the strain distribution in such a way that parts that are 
impossible to fabricate become fabricable. In this pulse 
method of the present invention, one of the principal advan- 
tages is that friction is periodically broken or reduced and 
this can dramatically alter the strain distribution. 

20 One of the central features of the methods of the present 
invention is that by using traditional quasi-static deforma- 
tion one can make a number of metal p re-shapes but forming 
limits impose constraints on the shapes fabricable. By 
including a second high velocity forming operation, one can 

25 dramatically extend the family of shapes fabricable. In 
addition to forming with matched tools and electromagnetic 
impulse, one can use quasi-static fluid pressure forming with 
a fluid shock wave. The use of hydro-forming with electro- 
hydraulic forming is one such way of doing this. Other 

3Q variants of this and details of how this may be implemented 
would be obvious to one skilled in the metal fonmng arts, in 
light of the present disclosure. 

It will be understood from the examples of the present 
invention given below that the actuator coils of the present 

35 invention may be of any geometry generally described 
herein. Accordingly, the actuator coils of the present inven- 
tion may be of any regular or irregular geometry, such as 
forming such shapes as circular, ovoid, polygonal spirals. In 
accordance with the present invention, the actuator coils of 

^ the present invention may also be in the form that includes 
branching of multiple coils, as shown in the examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is the plan view of an actuator coil in accordance 
with the prior art that may be used in accordance with one 
45 embodiment of the present invention. 

FIG. 1A is a cross-section elevation of an actuator coil 
shown in FIG. 1 shown juxtaposed with a work piece, in 
accordance with the prior art. 
5Q FIG. 2 is a plan view of an actuator coil that may be used 
in accordance with one embodiment of the present inven- 
tion. 

FIG. 2A is a cross-section of the actuator coil of FIG. 2 
shown juxtaposed with a work piece and a forming die, that 
55 may be used in accordance with one embodiment of the 
present invention. 

FIGS. 3 and 3B are plan views of another actuator that 
may be used in accordance with one embodiment of the 
present invention. 
60 FIG. 3A is a cross-section of the actuator coil in accor- 
dance with FIG. 3 shown juxtaposed with a work piece. 

FIGS. 4 and 4A are plan views of yet another actuator coil 
that may be used in accordance with one embodiment of the 
present invention. 
65 FIGS. 5 and 5 A are plan views of yet another actuator that 
may be used in accordance with one embodiment of the 
present invention. 
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FIG. 6 is a plan view of yet another actuator coil that may 
be used in accordance with one embodiment of the present 
invention. 

FIG. 7 is a computer-generated simulation of a sheet 
forming problem. 5 

FIG. 8 shows a profile of a deforming sheet metal work 
piece. 

FIG. 9 shows a schematic of a hybrid matched tool- 
electromagnetic forming apparatus in accordance with one 
embodiment of the present invention. 

FIG. 10 shows a typical stress-strain curves for steel and 
aluminum auto body sheet. 

FIG. 11 shows a graph of average strain vs. pole velocity 
for electro-hydraulic dome expansion. 15 

FIG. 12 shows a graph of Forming limit Diagram with 
HRF data. 

FIG. 13 shows drawings illustrating electromagnetic 
forming coils for small parts (a) tube compression (b) tube 
expansion and (c) flat sheet or pan forming. 20 

FIG. 14 shows a schematic drawing illustrating sub- 
merged arc discharge (electro-hydraulic) sheet forming. 

FIG. 15 shows a schematic drawing illustrating an elec- 
tromagnetically driven, hydraulic shock tube assembly. 

FIG. 16 shows a schematic drawing illustrating a Matched 25 
Tool-Electro-Magnetic ("MT-EM") apparatus, in accor- 
dance with one embodiment of the present invention. 

FIG. 17 shows models illustrating one dimensional 
ridged-plastic, dynamic finite element analysis of a uniaxial 
tension and ring expansion test specimens. 

FIG. 18 shows a graphic representation of a one dimen- 
sional model illustrating the basic effect of mass inertia on 
the extended ductility at high deformation velocities. 

FIGS. 19a, 19b and 19c is an approximate schematic of 
the geometry of a electromagnetic actuator coil used in 
accordance with one embodiment of the present invention. 

FIG. 20 shows a graphic representation of an automobile 
geometry that may be produced in accordance with the 
present invention. ^ 

FIG. 21 shows a graphic representation of an automobile 
geometry that may be produced in accordance with the 
present invention. 

FIG. 22 shows a schematic representation of a mold body 
in accordance with the present invention. 45 

FIG. 23 shows a schematic representation of a mold body 
in accordance with the present invention. 

FIG. 25 shows a plan view of an electromagnetic actuator 
coil used in accordance with the present invention. 

FIG. 26 is a sectioned elevational view of an electromag- 50 
netic actuator coil with inner and outer coil leads. 

FIG. 27 is a sectioned view of the electromagnetic actua- 
tor coil along A— A of FIG. 25. 

FIG. 28 shows a side elevational view of the coil, lead and 
bus assembly shown in FIG. 26. 55 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In accordance with the foregoing summary, the following 
presents several examples of actuators of various geometries 60 
which are considered to be the best modes of the invention 
for the embodiments they represent. 
Actuators That May be Used in Accordance with the Present 
Invention 

Three example applications of the electromagnetic form- 65 
ing actuator have been built and tested for experimental 
purposes. 
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FIG. 2 shows a plan view of an actuator in accordance 
with one embodiment of the present invention. 

FIG. 2 shows schematically the primary or simplest 
geometry for an actuator 20 of the present invention, con- 
sisting of three straight prismatic bar conductors of the same 
cross section, i.e., 0.375 by 0.750 inch. FIG. 2 shows central 
conduit 21 which is split to form return conduits 22 and 23 
substantially parallel thereto. The conduits 21, 22 and 23 are 
mounted co-planar on the 0.375 inch sides and parallel on 
the 0.750 inch sides with a 0.375 inch separation between 
conductors. The structural and electrical connection is made 
at one end of the assembly by a through bolt using separation 
spacers of the same bar stock (not shown). The other end of 
the assembly is connected by right angle conductor pieces, 
to the double buss bar of the capacitor bank (not shown). The 
longer center conduit 21 is connected to the positive buss 
and the two shorter return conduits 22 and 23 are connected 
to the negative buss. Current direction is indicated by arrows 
24 and the polarity indicated by the plus (+) and minus (-) 
signs. The total assembly length is approximately twenty 
(20) inches. The central twelve inches of the actuator is 
surrounded on three sides by a aluminum support channel 
(not shown) which reacts to the repulsive forces generated 
between the conducting bars of the actuator. The support 
channel is insulated from the actuator by 0.125 inch thick 
polycarbonate sheet. The top side of the actuator is flush 
with the top of the support channel assembly and covered by 
a 0.010 inch thick sheet of Mylar to insulate the actuator 
assembly from the work piece sheet which is placed atop the 
assembly. In this embodiment, the form tool for the test is 
then positioned on the test sheet centrally over the actuator 
assembly and weighted down with several heavy, one inch 
thick rubber pads prior to discharging the capacitor bank. It 
is also possible to incorporate such an actuator into a mold 
body by using a central conduit and a single return conduit 
in the form of a conductive body that surrounds the central 
conduit on two or three adjacent sides, leaving a side to face 
the work force area. In such an embodiment, the current 
pulse is "split" by being diffused into the mass of the single 
return conduit in at least two divergent directions, ultimately 
returning to the negative bus. 

FIG. 2A shows a cross-sectional view of the actuator 20 
taken along line 2 A — 2A of FIG. 2. FIG. 2 A shows a cross 
section of central conduit 21 and return conduits 22 and 23. 
FIG. 2A also shows a general indication of the magnetic 
force distribution as indicated by magnetic force lines 25. 
FIG. 2 A shows that the maximum displacement would not 
be effected in a work piece 26 as reflected by the magnetic 
force lines 25 when attempting to deform the work piece 26 
as indicated by dotted lines 27. FIG. 2 also shows die 28 
against which the work piece 26 may be formed (as may be 
the case with any of the embodiments of the present inven- 
tion shown in the drawings). 

An alternative embodiment, a coil assembly similar in 
construction to that of FIG. 2 is constructed, except that its 
working length is forty inches, has a face width of 1.5 inches 
and is curved in a plane perpendicular to the working face, 
to form a 120 degree included angle with a six inch radius 
at the angle apex. The coil is mounted in a plywood housing 
consisting of a sandwich of four thicknesses of 0.75 inch 
(nominal) finish grade interior plywood which is contoured 
to match the coils curvature. The coil is supported by the two 
center sheets of plywood which also react the primary 
pressure pulse generated by the coil. The two outer plywood 
sheets extend up along the sides of the outer coil conductors 
to react the separation forces between the three coil con- 
ductor and are contoured to be approximately flush with the 
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working face of the coil assembly. The plywood sheets held 
together by several through bolts which also provide clamp- 
ing pressure to secure the coil assembly in the channel 
formed by the shorter center sheets and longer outer sheets 
of plywood. The form tool is clamped in a similar way in a 5 
plywood laminate assembly which forms a conjugate to the 
coil holder. The coil holder and tool holder are held together 
during forming by four threaded tie rods, nuts and simple, 
straight angle iron tie brackets. The assembled coil half and 
tool half form a rectangular plywood block approximately 10 
24 by 36 inches and 3 inches thick. This experimental 
electromagnetic forming tool accepts a 40 inch long alumi- 
num strip up to 6 inches wide and forms it into a 120 degree 
angle bracket with an integral stiffening rib along the center. 
The center rib has a cross-sectional shape defined by the 15 
form tool mounted in the upper plywood housing. Both 
stretch ribs (outside of the bracket) and compression ribs 
(inside of the bracket) can be formed by selecting the proper 
plywood halves to mount the coil and the form tool. 

FIG. 3 shows actuator coil 30 which has central conduit 20 
31 which splits into two return conduits 32 and 33 which 
form inward turning coils. These coils may be co-planar 
with the return conduit and preferably are co-planar with the 
exception that the straight portions extending from the 
interior of each coil toward the negative (-) pole are shown 25 
as extending below the plane of the coils of the return 
conduits 32 and 33. The conduit 31 is connected to the 
positive bus and the return conduits 32 and 33 are connected 
to the negative bus. Current direction is indicated by arrows 
34. 30 

FIG. 3A shows a cross section taken along 3A — 3A of 
FIG. 3. This Figure shows central conduit 31 and portions of 
return conduits 32 and 33. The magnetic field produced in 
the work-force area is indicated by general magnetic field 
lines 35. FIG. 3A shows that the maximum displacement 35 
would be effected in a work piece 36 when attempting to 
deform the work piece 36 as indicated by dotted lines 37. As 
in FIG. lAand 2A, FIG. 3 A indicates the direction of current 
flow by a single dot to indicate current flow out of the plane 
of the paper as presented to the reader while an asterisk 40 
design (*) indicates current flow into the plane of the 
drawing as viewed by the reader. Also, the work force area 
is that area generally perpendicular to the plane defined by 
the dotted lines and above (or below, as the case may be) the 
actuator indicated by the position of the work pieces in these 45 
Figures. 

FIG. 4 shows yet another alternative embodiment of a 
geometry of an actuator coil in accordance with the present 
invention. FIG. 4 shows an actuator coil 40 comprising 
central conduit 41 which is split twice to form return conduit 50 
coils 42, 43, 42a and 43a. In this embodiment all four return 
coils are shown as being co-planar with the straight portions 
extending toward the negative bus from the interior of each 
coil extending below the plane of the four return coils. Such 
an embodiment gives a greater work force area but main- 55 
tains the maximum displacement through the center of the 
work force area similar to the field shown in FIG. 3A as 
described above. 

Yet another coil follows the fundamental principle of the 
present invention, that of splitting the pulse current in order 60 
to generate a magnetic field having a central high flux area. 
Such a coil is shown in plan view in FIG. 5. In this 
embodiment, the work piece is to be formed so as to have an 
asymmetric bulge, 1.5 inches high and having an approxi- 
mately isosceles triangular plan with two 6 inch edges 54 65 
and 55 and one 7 inch edge 56. The coil for this shape was 
constrained to lie entirely within the plan view of the bulge. 
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The coil 50 was cut in one piece from a 0.375 inch thick 
copper plate. The central conduit 51 of the coil is about 
0.500 inch wide and bisected the angle between the 6.0 inch 
edges 52 and 53 starting at the 7.0 inch edge. Just short of 
the apex the conductor branched forming separate legs 
running parallel to each 6.0 inch plan edge. At the 7.0 inch 
plan edge the return conduits 52 and 53 turn back toward the 
central conduit along a line parallel to the 7.0 inch edge. The 
legs approach the within 0.375 inch of the central conduit 51 
and then turn parallel to it. Each return conduit essentially 
forms a 270 degree coil within itself maintaining a 0.375 
spacing from the outer loop. 

The input and output leads are brazed at the ends of the 
branch legs and start of the central leg and are perpendicular 
to the plane of the coil. The coil was imbedded into a 3.0 
inch thick layered plywood base 58 such that the face of the 
coil was flush with the top plywood sheet surface and the 
brazed lead bars extended from the bottom. Four straight 
legs supported the coil-base assembly at the proper height 
above the buss bars to allow unstrained connection of the 
lead bars to the busses with bolted angle bracket connectors. 
A female form tool (not shown) was positioned and secured 
by two tie rods running through the assembly outside of the 
test blank nesting area. The tie rods also provided the work 
piece clamping force required to restrain sheet draw-in and 
flange wrinkling. 

FIG. 6 shows still another coil 60 following another 
fundamental principle of the present invention, that of 
reversing the direction of the pulse current in the plane of the 
actuator coil in order to generate a magnetic field having a 
central high flux area. The piece to be formed by this 
actuator coil was to have an asymmetric bulge, 1.5 inches 
high and having an approximately equilateral triangular plan 
with 6 inch edges 61 and 62, with one side further bordering 
upon the longest side of a trapezoidal shape having a long 
side of about 6 inches, a shorter opposing side 63 of about 
4 inches and lateral sides 64 and 65 of about 2 inches. The 
coil was constrained to lie entirely within the plan view of 
the bulge. The coil was cut in one piece from a 0.375 inch 
thick copper plate. As can be appreciated from FIG. 6, this 
coil provides that the pulse (indicated by the directional 
arrows) running through those portions of the coil intersect- 
ing a line 66 between the input lead 67 and the output lead 
68 are substantially parallel, causing there to be generated a 
magnetic field having a high flux in this central area (i.e., one 
that is substantially uninterrupted by zones having little or 
no flux). 

The input and output leads are brazed at the ends of the 
branch legs and start of the central leg and are perpendicular 
to the plane of the coil. The coil was imbedded into a 3.0 
inch thick layered plywood base 69 (as may any actuator coil 
of the present invention) such that the face of the coil was 
flush with the top plywood sheet surface and the brazed lead 
bars extended from the bottom. Four straight legs supported 
the coil-base assembly at the proper height above the buss 
bars to allow unstrained connection of the lead bars to the 
busses with bolted angle bracket connectors. A female form 
tool (not shown) was positioned and secured by two tie rods 
running through the assemble outside of the test blank 
nesting area. The tie rods also provided the work piece 
clamping force required to restrain sheet draw-in and flange 
wrinkling. 

To illustrate the advantages of the present invention over 
the prior art, the stresses in electromagnetic forming and the 
velocity vs. Time profiles have been accurately predicted for 
expanding ring experiments using solenoid coils. Computer 
codes that can model more complex two dimensional prob- 
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lems are also available. CALE, a "C" language based code, beyond matched tools forming. These two are fluid pressure 

originally developed at Lawrence Livermore National Labo- forming, described previously and super-plastic forming, 

ratory as an astrophysics code, is now being used to model which has been omitted for reasons stated previously, 

these forming processes and the subsequent material Conversely, the high velocity, pulsed electric power 

response. FIG. 7 shows an example of a CALE simulation 5 methods, described previously, operate on a much shorter 

of a sheet forming problem. A flat spiral coil is used to form time scale than matched tool stamping while providing 

a clamped metal sheet. The irregular lines indicate lines of extended forming limits. However, with the exception of 

magnetic flux around the current-carrying elements (shown axisymmetric clinching, the electric pulse energy methods 

in cross section) in the simulation. Two views from the are not used by auto makers since no one has yet provided 

simulation are shown as they would be at 90 and 300 10 a means to apply it efficiently to large, high production parts, 

microseconds. It is observed that the deformation begins at On the other hand, fluid pressure forming is marginally 

the edges of the sheet and progresses towards the center. The employed by the auto industry. Its use has been principally 

predicted time-profile of the deformation agrees with the restricted to experimental and special low production of 

profile obtained with a high speed camera in a real experi- aluminum parts. In such applications, the tooling cost saving 

ment reported by others under similar conditions. CALE 15 provided by the single surface tools is no longer minor in 

accurately simulates the trajectory and profile of the deform- comparison to the production rate penalty. In addition, cycle 

ing sheet metal work piece. time in fluid pressure forming is related to the peek pressure 

FIG. 8 shows a profile of the sheet through the deforma- requirements and might be improved by combination with a 

tion process simulated in FIG. 7. pulse energy method. Not to be neglected is the capital cost 

Though there are no fundamental limitations to the size of 20 of new press machines which would be required by the 
the parts that can be made by electromagnetic forming in adopting of a fluid pressure forming method to produce 
accordance with the present invention, larger parts require aluminum parts. A hybrid method based principally on 
more energy which translates into larger capacitor banks and conventional matched tools would likely not require exten- 
higher initial capital expenditure. As a result, hybrid forming sive replacement of the present, installed, press machines, 
processes are also being considered where electromagnetic 25 However, unless aluminum alloys are developed that have 
and electrohydraulic forming may be used in such a hybrid the plastic strain behaviors comparable to draw steels, 
process. Accordingly, the present invention may also be used conventional matched tool forming will need to be aban- 
in a matched tool set with electromagnetic coils built into doned or integrated with another method to meet the form- 
sharp corners and other difficult-to-form contours, to form ing performance goals required to efficiently mass produce 
such parts. The matched tools would form the parts of the 30 aluminum auto bodies. 

work piece which can be easily formed at low velocities Combined Quasi-Static and Dynamic Forming: Hybrid 

using mechanical energy from the press. This semi-formed Methods 

work piece would then be subjected to high rate forming The present invention provides a well-designed combi- 

with the electromagnetic coils to complete the forming nation of high velocity forming integrated with a quasi-static 

operation. A schematic of such a process is shown in FIG. 9. 35 conventional forming process to meet the requirements for 

FIG. 9 shows hybrid matched tool-electromagnetic form- a reliable, cost effective method for the mass production of 

ing apparatus 90 including capacitor bank 91, inner ram 92, aluminum auto body and other commercial parts, 

outer ram 93 with blank holder and die 94 (on press bolster There is ample evidence in the literature, as reported 

100. Stage 1 punch 95 partially forms work piece 96 leaving previously, that support the claim of extended plasticity, for 

one or more portions partially formed. The actuator coils of 40 many alloys, at deformation velocities above 50 m/sec. 

the present invention, such as 97, powered by coaxial power Support for reduced springback and wrinkling at high defor- 

distribution lines 99, may then be applied to fill out the mation velocities can also be found [ASTME 1964, Maha 

remaining portions (indicated by voids such as 98), to reach 1996]. The literature also reports on the problems involved 

the final desired shape of the work piece. Similarly, a quasi in producing large deep shells exclusively by a high velocity, 

static, fluid pressure process with an electrical discharge in 45 electric pulse energy process. Due to the existence of an 

the fluid at the end of the pressure cycle to form the sharp upper deformation velocity limit (see FIG. 12) and practical 

corners and bends could represent another embodiment of limits strength of tooling materials and capacitor bank size, 

the hybrid method of making difficult parts. the power pulses cannot be made arbitrary large in order to 

Industrial Applicability affect deformation over larger part areas. For example, if a 

Actuators of the present invention may find application in 50 very large single pulse were used, the sheet deformation 

many industries that involve the formation of shaped metal velocity nearest the pulse generator would likely exceed the 

pieces, such as in the making of parts for the automobile upper limit causing the local sheet ductility to fall off 

industry and the boating industry. Other applications may be sharply. The use of an array of pulse generators to provide 

found in the making of specially shaped parts in a wide lower peak power per individual event and more uniform 

variety of other industries as well. 55 distribution of deformation forces is an obvious variation of 

Example of Applicability of the Inventions to Automotive the straight high rate forming concept. However, the actual 

Part Forming methods of implementation and effective control of such 

If it is accepted as a primary motivation that the automo- pulse generator arrays is not obvious. In any case, the 

tive industry is committed to reducing the weight of pas- probability is still high that the forming of the larger parts by 

senger automobiles by the extensive use of aluminum, then 60 high power pulses would involve multiple sequential dis- 

the specific character of the problem can be defined and charges which will obviously tend to lengthen the total cycle 

potential solutions investigated. time. In addition, the form tools used in a straight high 

For example any forming method proposed must be power pulse forming process requires a greater shock resis- 
basically capable of the production rates common for current tance capacity which generally means more massive con- 
practice [Du Bois 1996, Henry 1995]. This production rate 65 struction. This is especially true for the electro-hydraulic 
requirement is a severe restriction for two of the three discharge process. Using the high power pulses only for final 
processes which can extend the forming limits of aluminum forming and only at the local areas of the part which require 
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it, reduces the overall shock resistance requirements of the cesses. At a more specific level, a hybrid forming process 

tools and subsequently, the construction costs. should be able to demonstrate increased forming capability 

In order to reduce the discharge energy requirements for of auto body size parts with localized hyperplastic effects 

large parts, either multiple discharges were used or simple while avoiding the problems attendant to large energy, high 

pre -forms were made by conventional quasi-static methods 5 power pulse events. 

and the complex features and final sizing accomplished by Advantages of Different Hybrid Methods of the Present 

high velocity methods [ASTME, 1964]. High velocity pro- Invention 

cesses generally exhibit sheet stretching over draw-in during The hybrid process of the present invention which com- 
part generation. The result can be undesirable thickness bines a quasi-static Fluid Pressure forming method with 
variation in deep shell geometries. The inertial forces gen- 10 multiple, distributed, Electro-Hydraulic discharges (FP-EH) 
erated by the mass of the sheet in the blank holder area, has, by several measures, the greatest general performance 
outside the energy pulse zone, increase the resistance to potential. In terms of broadness of application, a FP-EH 
draw-in. Concurrently the sliding friction between the work process can be used on many different types of sheet 
piece sheet and the blank holder surface is reduced due to the materials. For example, it is not restricted to materials which 
increase in the draw-in velocity. For simple axisymmetric 15 are good electrical conductors as is required by the electro- 
type part geometries, these conflicting effects can counter- magnetic forming process. The nature of the event 
act, resulting in very similar draw-in performance for both (submerged arc discharge) allows it to be located further 
high and low velocity processes [Kaplan, and Kulkarni from the sheet and with less precision then the coils of a 
1972]. However, sheet draw-in is more consistent and pre- electromagnetic process. FP-EH requires only one form tool 
dictable and thus can be more finely controlled in a low 20 (usually the female die). The electrode/bridge wire assem- 
velocity process. blies in a FP-EH system would be part of the press machine 

The potential benefits from the combination of the and not integrated into the tool as will be the coils of a 

complementary attributes of static and dynamic forming Matched Tool-Electromagnetic (MT-EM) hybrid process, 

methods are clear, providing that the attributes are, in The fact that each MT-EM application requires a unique set 

practice, additive. 25 of coils further increases the general complexity and cost of 

Another possible hybrid process is the combination of the process tooling of MT-EM over FP-EH. Further, MT-EM 

conventional matched tool stretch-draw forming with local- requires a pair of form tool surfaces compared to the one for 

ized electromagnetic pulse forming. In this hybrid forming the FP-EH process. Finally, the precision with which the 

process, the part would be preformed, to some optimum work piece conforms to the coil face effects the magnetic 

extent by the conventional draw-in and stretch action of the 30 pulse pressure generated and hence the forming energy 

match tooling. Fmal fonning of tight corners, sharper details efficiency. The repulsive sheet driving force drops rapidly 

and sizing would be accomplished by electromagnetic repul- (~1/R 4 ) as the sheet is moved away from the coil surface 

sion forces generated at the required areas of the part by a since the pressure on the sheet is proportional to the square 

set of electromagnetic coils embedded in the tool halves. of the flux density, B, which in turn, diminishes as the 

This hybrid method will be referred to as Matched Tool- 35 inverse of the squared distance from the current element 

Electro-Magnetic and will be abbreviated as MT-EM, in [Plonus, 1978]. In contrast, the pressure pulse forming 

accordance with one embodiment of the present invention. effectiveness of an electro-hydraulic discharge diminishes 

A concept schematic of a MT-EM process system is shown only as the inverse of the distance squared from the 

FIG. 16. discharge, (-1/R 2 ) [Caggiano et al 1963] thus, much less 

A embodiment of the present invention is the combination 40 rapidly with sheet deflection. The slower attenuation of 
of a quasi-static fluid pressure process with localized shock available forming pressure makes the use of sequential 
events generated by electro-magnetically driven shock wave discharges more practical in FP-EH than MT-EM processes, 
tube devises instead of electric arc discharges. Since there is In fact, a series of smaller discharges in place of a single 
some evidence that shock tubes are more efficient than arc event of much higher energy was reported to be the preferred 
discharges in diaphragm expansion, a hybrid method using 45 method for producing large parts [Cadwell, 1968]. Although 
electromagnetic shock tubes may be more commercially the FP-EH process concept has several advantages for broad 
viable than one using arc discharges [Vafiadakis et al, 1964]. application over MT-EM, it also has several significantly 
This hybrid forming method of the present invention con- greater practical application hurdles to overcome, 
cept could be technically considered a combination of the The principle development hurdle for the FP-EH process 
fluid pressure, electro-hydraulic and electromagnetic pro- 50 is that it cannot be easily implemented in the types of press 
cesses. However its sheet forming characteristics should be machines existing in the auto industry. Providing the quasi- 
quite similar to FP-EH forming although its system and static, fluid pressure p re-form stage requires a significant 
energy requirements willdiffer.lt will therefore not be given amount of specialized hydraulic machine components, 
a separate name here and will be lumped with FP-EH for the Moreover, the structure of many conventional presses, cur- 
remainder of this discussion. 55 rently in use, may prove too light. The structural loads, at 

There are no fundamental reasons to dismiss any of these even the lower forming pressure range, when applied over 

hybrid sheet forming concepts. Moreover, these three pro- the plan area of auto body panels, can be tremendously high, 

cess concepts are by no means exhaustive, only the more A tooling system which attempted a self-contained conver- 

obvious combinations. sion of large double acting conventional presses to fluid 

One of the common central principles of these embodi- 60 pressure forming was patented but demonstrated only very 

ments of the present invention is the combination of a limited success due to pressure induced structural deflection, 

relatively low power process to generate the bulk of the [Hydro-Stretch 1990, Henry, 1991]. The requirement of a 

sheet deformation with localized high power pulses which specialized press machine for the FP-EH process represents 

provide the final forming, where required. The gross effect a significant economic road block to acceptance by industry 

can be viewed as combining a pre-form step and a final form 65 in the near term, although it remains technically feasible, 

step into a single operation with additional process design Another technical hurdle to the development of a FP-EH 

freedom provided by virtue of the different physical pro- process is the modeling of multiple interacting discharge 
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events and their effect on deformation of the part sheet. This 
topic has not been investigated to any significant extent. 
Rinehart and Pearson [1963] briefly discusses the topic with 
respect to multiple synchronized charges for explosive form- 
ing. They suggest the use of superposition principles in the 5 
analysis of multiple charges in under water explosive form- 
ing were the shock pressures are less than 69 MPa (10000 
psi.). A robust design method for FP-EH would require a 
more thorough knowledge of multiple interacting events. 
However, modeling even a single EH discharge event is not 
trivial. The electro-hydraulic discharge event begins with the 
complex physics involved with the generation of the high 
temperature (5000-10000 K) plasma kernel of the arc path. 
Within a few micro seconds the expanding plasma generates 
shock waves whose propagation, reflection, refraction and 
interferences cannot be neglected in order to accurately 15 
predict the process actions. Thus FP-EH employs generally 
more complex and harder to model physical phenomena 
than MT-EM with electromagnetic pulse events. Moreover, 
the simple existence of the intervening liquid medium 
required to transfer the deformation energy in the electro- 20 
hydraulic event, adds to the potential variability and com- 
plexity of the FP-EH process. 

The MT-EM process may not have the broader applica- 
bility of the FP-EH process but, for several reasons, is a 
better choice for an initial hybrid process development. 25 
First, the MT-EM process can be implemented using con- 
ventional mechanical or hydraulic, single or double acting 
presses. In principle, only minor alterations to existing 
presses themselves should be required for retrofitting. The 
lack of a liquid medium to transfer the deformation energy 30 
to the part not only reduces the overall complexity of the 
system, it also eliminates the maintenance overhead of an 
additional hydraulic system. 

The reduced development advantage of MT-EM over 
FP-EH is exemplified by the requirements for electrode 35 
assemblies of a FP-EH process. High energy arcs can 
quickly erode electrode tips which in rum change the 
pressure pulse characteristics of the discharge. Electrode 
problems accounted for a good deal of the trouble encoun- 
tered with the old EH machines. It was found that variations 40 
in the location arc at end of the coaxial "spark plug" 
electrode used in one of the early systems could cause 
unacceptable variations in the parts. Moreover, the spark 
plugs required rebuilding after only 100 discharges. The 
systems which used bridge wires to initiate the arc had much 45 
better repeatability but the wires required manual installa- 
tion before each discharge. [Daughtery 1995, Fronabarger 
1995, Bennetts 1995]. 

Another point is that, at least for axisymmetric 
geometries, electromagnetic forming has been more fully 50 
development in terms of application, tooling and coil design 
[Belyy, et al 1988, Gilbert and Lawrence, 1969.]. This more 
organized knowledge, some available in handbook form, 
provides additional motivation for developing the MT-EM 
process. Further, electromagnetic forming developed a non- 55 
aerospace, industrial niche in axisymmetric swaging. This 
small commercial market supported continued work on 
metal deformation behavior using electromagnetic pulse 
energy after the military aerospace efforts ceased. Although 
still incomplete, this existing body of knowledge is also 60 
more current than electro-hydraulic discharge forming 
[Daehn et al,1995]. Thus the literature of EM forming 
provides a slightly higher level to start the development a 
hybrid process. 

Technical Issues Involved in Practicing MT-EM Forming 65 

The hyperplasticity effect of high velocity deformation is 
fairly well documented and the fundamental mechanism 



model of inertial stabilization has not been seriously chal- 
lenged [Wood, 1963, Bruno, 1968, Balanethiram and Daehn, 
1992]. 

This fundamental phenomena that hybrid sheet forming 
processes will be utilizing to realize extended plasticity will 
be described here in greater detail to support the description 
of the sheet coupon tests to follow. 

The inertial effect of the sheet "particle" mass which 
provides a force resisting the localization of strain as a 
necking plastic flow instability tries to form. Hu and Daehn 
[1] extended the understanding of the phenomena by means 
of a simple and rather elegant one dimensional ridged- 
plastic, dynamic finite element analysis of a uniaxial tension 
and ring expansion test specimens (FIG. 17). The essence of 
the analysis formulation was simply the inclusion of a 
elemental mass and acceleration term in the nodal force 
balance (eq. 1.1 below) which added to the internal nodal 
force terms obtained from the derivative of the plastic work 
of the element with respect to the nodal displacements (eq. 
1.2 below). 



M-tf + F t = 0 

dW de t 
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(1.1) 
(1.2) 

(1-3) 



Equation 1.3 is the power law of the rigid-plastic, Hol- 
loman type constitutive relationship used in their analysis. 
Although thermal effects due to rapid plastic stains were 
ignored a 1% taper in the specimen geometry was included 
to provide a defect like . inhomegeneity. In the above 
equations, M is the element mass, u is the displacement 
(axial or circumferential), Ak is the initial cross-sectional 
area of the element, L is initial element length. The results 
of this simple one dimensional model illustrated the basic 
effect of mass inertia on the extended ductility at high 
deformation velocities. FIG. 18 shows the graphical results 
presented by Hu and Daehn, most pertinent to the present 
invention. 

FIG. 18 illustrates that the influence of inertia is less as n 
and m becomes large but contributes to extending ductility 
for any fixed "n" or "m" as seen by the increase of the 
dynamic to static strain ratio with increasing velocity. This 
simple model also predicts a strong coupling between total 
strain at failure an deformation velocity. 

The inertia effect macroscopically resembles the ductility 
enhancing effect of strain rate hardening which is one reason 
that high velocity forming is suited to the working of stain 
rate insensitive, aluminum alloys. To qualitatively describe 
the suppression of localized neck formation by inertial 
effects as predicted by the Hu and Daehn model, consider 
the following. Initially the velocity distribution of material 
elements in uniaxial extension varies linearly from the 
crosshead input velocity to zero at the fixed end of the 
sample. As a neck starts to form, the velocity distribution 
approaches a step function as the material velocity between 
the neck and the fixed end goes to zero while the specimen 
material between the neck area and the crosshead assume the 
crosshead velocity. In order to accommodate the velocity 
discontinuity the material in the necking region must expe- 
rience an increasingly large acceleration. The force required 
to accelerate the mass of a material element outward from 
the neck area must be transmitted though the material 
outside of the necking region, thus the necking tendency is 
diffused. This effect is, of course, always present but only 
significant at high deformation velocities. 
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The results from the simple, one dimensional model cited 
above, included minor geometry variations which indicates 
that the inertial drag suppression of necking is not critically 
sensitive to sheet flaws or thinning. However, variations in 
sheet hardness was not addressed in that model or in any 5 
other articles reviewed. Information on the effects of these 
parameters on the maximum attainable strains in hybrid 
forming is of interest. 

From the preceding, one may expect that inertial effects at 
high deformation velocities will only extend plastic behavior 10 
of sheet materials whose dominant failure mode is necking. 
Metals which exhibit little or no necking before fracture at 
low velocities are not expected to show a significant increase 
in ductility at high velocities unless there is phenomena 
other than inertial drag forces at work. The direct effect of 15 
this prediction to the present work is that the fully hard 
aluminum alloys are not expected to perform as well as a 
solutionized or a lightly worked condition. In the case of 
hybrid forming, the inertial drag model of neck suppression 
will thus be confounded by the various levels and distribu- 20 
tions of pre-strain introduced into the sheet material during 
the quasi static initial forming stage of the process. In most 
cases, the pre-strain will introduce work hardening into the 
material. The work hardening thus introduced will, in gen- 
eral be non-uniformly distributed across the initial-form 25 
part. In addition, variation in sheet thickness could be 
considerable. The extent of the variations in sheet hardness 
and thickness will, in practice, depend heavily on the 
geometry of the initial-form. A variety of experiments were 
conducted to elucidate the relationship between the level and 30 
distribution of pre-existing strain and subsequent material 
strength variations and the amount of additional useful 
plasticity that can be obtained under high velocity deforma- 
tion conditions. 

In addition, the foregoing indicates that one should cor- 35 
relate inertial controlled plasticity effects with deformation 
velocity rather than strain rate especially for comparisons 
between different geometries. The simple reason is that 
deformation velocity varies with gage length which means 
that high strain rates can generated by low deformation 40 
velocities if the initial gage length is small enough. The 
tendency to equate high strain rates with high deformation 
velocities in the literature is due to the fact that nearly all 
researchers are conducting investigations with identical 
specimen geometry for which strain rate and deformation 45 
velocity are uniquely related. 

The plastic behavior of any metal is temperature sensitive 
at to some extent. If local work sheet temperatures become 
high enough during forming to cause thermal softening, then 
neck formation can be promoted due to the subsequent 50 
strength variation in the load path. The particular case of 
aluminum, the deleterious effect of thermal softening is, at 
least partially, offset by the fact that the strain rate hardening 
effect ("m" in the simple power law model,) increases with 
increasing temperature. The MT-EH process can induce a 55 
considerable amount of electrical joule heating as well as 
adiabatic heating due to dynamic plastic deformation. Sheet 
temperature, local to the discharge event in space and time 
is a process variable of interest and importance to the 
prediction of the MT-EM performance. The transient time- 60 
temperature data local to the forming pulse is difficult to 
measure directly due the micro-second time scale of the 
event alone. However, changes in sheet hardness is a process 
variable more directly related to plastic flow which can be 
measured easily. Care must be exercised however in the use 65 
of superficial sheet hardness due to the confounded effects of 
adiabatic and joule heating with the temperature induced 
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increase in strain rate hardening of aluminum. A simple 
analytic model of adiabatic joule heating can be employed to 
obtain an upper bound of the sheet temperature in the eddy 
current path. The induced eddy-current in the sheet can be 
estimated from the measured work coil current-time history. 
Obviously, the numerical simulation of the high velocity 
event, to be discussed later, will need to provide an accurate 
estimate of the sheet temperature distribution to accurately 
model the over all process. 

The data of principle importance to the assessment of the 
MT-EM process are the failure strain levels, distributions, 
and deformation velocity for the aluminum alloy sheet 
material acceptable for auto body use. The present investi- 
gation will be restriction the two basic aluminum alloy 
types, precipitation hardening and non-precipitation harden- 
ing. The specific alloys chosen are 6111-T4 and 5754 These 
alloys are both currently used in auto body applications. The 
fundamental metallurgical differences between these alumi- 
num alloys will result in some performance variations in the 
MT-EM process. The variations are expected to be in rough 
proportion to static measured ductility and should not con- 
fuse the resulting assessment of the MT-EM process for all 
similar alloys. Further, if the extended dynamic plasticity 
effect is largely an inertial effect, then it is reasonable to 
expect that static-dynamic strain relationships should be 
found to be applicable to whole alloy groups. 

The high velocity sheet forming performance cited in the 
literature is almost entirely for fully dynamic deformations 
starting from flat blanks or uniform tubes. The state of initial 
cold work for these cases were at least uniform and often 
close to zero. The material cold work condition in a hybrid 
process after the quasi static forming stage will definitely be 
non-uniform to some extent. Depending on the part geom- 
etry and static process, the cold work condition could vary 
widely. 

The early high velocity forming literature provides con- 
siderable information on static strengths of certain alloys 
after dynamic, high rate, forming which has been nicely 
summarized by A A Ezra in the last chapter of his "Prin- 
ciples and Practices of Explosive Metalworking", [1973]. 
The chief concern of the aerospace researchers of that time 
was to determine if the high rate forming processes degraded 
the structural properties of their alloys. Extended plasticity 
was recognized but less of a concern since multiple forming 
cycles with intermediate annealing operations are common 
practice in aerospace fabricating. Therefore, the literature 
contains quasi static stress-strain data after dynamic pre- 
straining for certain aerospace alloys. Nothing was found 
concerning the reverse sequence of deformations. By the 
path dependency of plastic deformations, it would not be 
expected that the combined effect of static and dynamic 
deformations of a sheet material is symmetric or indepen- 
dent of application sequence. From the data currently avail- 
able it would be reasonable to expect that, assuming modest 
initial stage strains, that a static-dynamic sequence would 
produce greater elongation than a dynamic-static. 
Interestingly, the data summarized by Ezra, [Ezra 1971], 
shows that a dynamic-static process, in comparison to a 
straight quasi-static process, will reduce the total elongation 
for mild steels and increases it for both 5052-0 and 5456-0 
aluminum. The material test results reviewed by Ezra warn 
against too broad a generalization of the forming perfor- 
mance from hybrid forming experiments with any particular 
metal type to another. 

Based upon the Examples given herein the experimental 
results will provide predictive understanding of the relation 
between initial cold work and allowable final strains for 
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process design purposes. How the process designer divides Alterations to existing press machines will be minimal, 

up the total strain required to form a desired part feature which is one advantage of MT-EM over the other hybrid 

between the static and dynamic regimes determines the part methods, as stated above. As an issue much subordinate to 

shape at the end of the quasi-static forming stage and the the forming performance and tool design aspects, press 

subsequent pulse energy required. 5 machine alterations will be discussed in only broad terms. 

A significant enhancement has been demonstrated, the The press machine must accommodate the energy storage 
basics of which are discussed herein. With this knowledge in capacitor sub-system either entirely or at least the ingress of 
hand, one of ordinary skill will be able to design specific the pulse power cables. Stamping plant floor space is gen- 
apparatus and practice methods in accordance with the e rally at a premium which indicates that the capacitors, 
present inventions. charging, control and pulse energy distribution will prefer- 

Cbnventional matched tool forming, is itself such a com- ably be integrated into the press machine volume. Typically, 

plex process that analytic models have been developed for the power systems for such retrofits can be accommodated 

only simple axisymmetric geometries and those that can be in a home freezer size box next to an existing press, 

accurately represented in one or two spatial dimensions. The Safety of a new industrial process is an issue to be 

sheet is generally assumed to behave as a simple membrane addressed at the fundamental level early, in the development 

with bending corrections possibly included. There are a 15 cycle. The main components of the safety issue of the 

number of texts covering these analytic methods such as MT-EM process concern the high containment of the high 

referencesfHosford and Cadell, Mielnik 1991]. Luckily the power electrical pulses, possible high velocity debris, eye 

past ten years have seen a good deal of effort spent in the damage from arcs at connection failures and noise levels, 

development of computer codes and microprocessors which None of the major safety concerns represent conditions or 

are demonstrating impressive capabilities in the modeling of 20 phenomena new to manufacturing or the automobile indus- 

the conventional low velocity deep shell sheet forming try in particular. These hazards all currently exist in many 

processes. The design of a MT-EM in accordance with the manufacturing environments and standard practices are in 

present invention typically will employ such computer codes place to deal with each one. The design and safety issues 

and microprocessors to assist in defining the best obtainable involve in the development of MT-EM forming will be 

pre-form part geometry. Ideally, such computer codes and 25 described briefly herein. 

microprocessors will allow one to measure, assess and Application Design and Trials of the MT-EM Process of the 

control full dynamic, electromagnetic and thermodynamic Present Invention 

characteristics, as well as material constitutive relations Introduction 

capable of accurately predicting local necking and fracture. In order to elucidate the MT-EM process of the present 

A preferred numerical modeling tool should be capable of 30 invention, two demonstration trials involving actual, full 

simulating the entire MT-EM process for the designer. size automotive body panels were undertaken. Attempting 

Although the ideal unified MT-EM simulation code is not full scale applications allows one to test practical design 

presently commercially available, there are codes that can methods and to provide preview and feed-back to process 

model separate aspects of the process. development on real application problems. The inherent 

It should not be assumed that hybrid forming process and 35 simplification of a system when scaled to convenient labo- 
MT-EM in particular can only be applied if powerful simu- ratory size can inadvertently mask real application prob- 
ation tools are available. If this were the case then the lems. A prime example is in the estimation of the process 
commercial viability of the hybrid processes would be quite energy requirements. Arbitrarily constructed laboratory test 
questionable despite any extended forming capacity. In fact system can generally be designed small enough that the 
it is quite unnecessary that a means of approximating the 40 equipment capacity becomes a non-issue and serious weak- 
requirements of a MT-EM system exist and be outlined. A ness in the estimation method can be glossed over. Similar 
system which requires a computer simulation before any- arguments can be proffered for the design of the driver coils 
thing can be known about its gross size and energy require- and electrical bus work. Ideas which seem to work fine at a 
ments is typically untenable. Such approximate design cal- few kilo joules and kilo amperes can literally come apart at 
dilations are available and can suffice to produce a 45 much higher energy and current levels. In particular, direct 
functioning system without substantial additional experi- experience was desired concerning the design of full scale 
mentation. work coils operated at near limit energy levels and their 

The final consideration in the development of a MT-EH integration into the match tooling, 
process concerns the physical system design. The require- Two major deviations from standard automotive stamping 
ments of the electromagnetic pulse coils must be combined 50 practice were accommodated for these full-scale trials. First, 
with those of the forming tool with which it/they cooperate there was no attempt to install the MT-EM process into a 
or in which it/they are imbedded. The fatigue strength of the press machine. The pre-forms were stamped out and trans- 
tool material must be sufficient to withstand the reaction ferred to tools containing the work coils were the EM phase 
forces generated by the coil pulses over the production life was performed as a second operation. Second, the tools used 
of the tool. Since, the electrical conductivity of the tool 55 for the EM phase were not made of a malleable grade of cast 
material effect the energy efficiency of the coil, standard iron iron, standard for production tools. Except for the imbedded 
and steel matched tool materials may not be optimum for coils, the trial tools were made from a special iron filled 
MT-EM tools. The coils themselves must structurally absorb plastic material recently developed for prototype stamping 
internal magnetic pressure, often of similar magnitude to the tools. This material is referred to by the acronym Stamp, and 
forming pulse. A means of replacing damaged coils with 60 is commercially available from ITT Industries. The devia- 
minimum down time must be considered the same as for the tions from what might be considered standard stamping 
high wear insert sections/components of conventional tools. practice conditions are not deemed to affect the applicability 
The replacement of coils during the production life requires of the trial experiences to the application of the apparatus 
reliable electrical connectors capable of peak currents of one and methods of the present invention to actual MT-EM 
half million amps or more. Any arcing in coil connections 65 automotive parts forming. 

causes rapid deterioration at the connection interface leading The full scale trial part problems were chosen by a group 

to catastrophic failure in a few cycles. of engineers from the major American automobile manu- 
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facturers and consisted of a hood feature line and a door [Gilbert & Lawrence, 1969jBaines et al, 1965 JAI-Hassani 

inner panel lock face. The two parts and the sections of those et al, 1974] [Belyy I. V., et al, 1996]. However, nowhere in 

parts chosen for MT-EM application were considered to the literature was found a method directly applicable to the 

span the geometries most troublesome to currently produce MT-EM conditions or presented as a clear step by step 

in aluminum by the conventional matched tool method. The 5 procedure. 

hood feature line trial was the less ambitious of the two and To apply the following method of estimating EM energy 

was undertaken first. requirements, some preliminary information is require. It is 

General design considerations required to have in hand: 

Simple applications utilizing relatively inexpensive tool- i) feature pre-form and final shape. 

ing may not require a high degree of process optimization at 10 2) ^ of me strain level ^ the p re .form. 

the design stage in any case. To arrive at a good initial design ^ ^ . , t „ , 

j . j- * * i i • « 3) The material data of the part sheet, 

point and to predict at least a lower bound on the energy ' F 

requirements of an apphcation, a good pencil and paper 4) The geometry and material properties of a preliminary 

design method is needed. Ideally, the method is simple design. 

enough that an unprogrammed hand calculator is sufficient 15 5) The geometry and material properties of the coil-bank 

to conduct a few preliminary design iterations and accurate connection. 

enough to render the results dependable, if only as upper or The electrical properties of the surrounding tool mate- 
lower bounds. Approximate design methods for the quasi- rial. 

static, conventional matched tool forming portion of the 7)^ effective resistance and inductance of the capacitor 

MT-EM process have been available for many years. These 20 bank up to the coil lead connection bus. 

methods will not be discussed here but can be found in many m basisof me method fe me ^ law of thermodynamics 

texts books on^ edited for this problem. The energy audit, for the capacitor 

and E. M. Mielnik [Hosford and Caddell, 1981] [Mielnik, baflk system ^ ^ ^ ^ 

Only a brief experience with the design space of EM 25 M Ba *^, M ^E Resixd „+AE radiati „ 5.1a 
portion of MT-EM applications is required to recognize that 

there actually are no time invariant factors in the process For frequencies below 500 kHz, the radiation energy can be 

except mass. Even the simple inductively coupled RLC ignored [Terman, 1947]. A simplifying assumption used for 

circuit used in the present invention becomes quite compli- this analysis is that the majority of the work done and energy 

cated when the inductance capacitance and resistance are all 30 expended occurs within the first current cycle. This assump- 

taken as time dependent variables. Additionally, the defor- tion is common in the literature and is also supported by the 

mauon mechanics of the work piece during the EM phase high speed array camera images of the coupon expansion 

are complicated by the fact that temperature effects are tests using the methods of the present invention. Accepting 

present and the inertial terms of the force balance equations the truncation approximation, the energy terms can be 

are significant, even dominant. However, assuming constant 35 expanded as follows for first current cycle of the discharge: 
circuit parameters does allow coarse predictions of the 

system response using simplified geometries and energy A _ 1 , l/2 t ,i. 1 . -a , D 5.1b 

balances. ~ B " 2 f* { ° " t) " IT* " 

The simplifying assumption which underlies the method 

must be kept in mind. Adding insupportable layers of 40 w ^ ere 
sophistication in an attempt to improve the accuracy should 

be avoided. A computer simulation method should be ^effective bank capacitance 

employed when the detail and accuracy of the preliminary I^=effective bank current 

design methods are insufficient. L tf =effective system inductance 

Two questions that must be addressed early in any new 45 ^effective system resistance 

application design are: "Is the general level of plastic y -capacitor charge voltage 

deformation required to finish the feature from the pre-form 0 . & . 

shape available through EM pulse forming T and "How V^apacitor voltage after time T 

much energy will be required from the capacitor bank?" The T= period of \ B 

first question is best answered by previous experience with 50 Once the system is assembled the effective system param- 

the alloy of the part in question. As a very general rule of eters can be calculated directly from measured current-time 

thumb, the total useful strain available to the MT-EM data. In order to estimate AE fi before building the system, 

process is about 50% greater than the quasi-static limit strain me parameters of 5.1 b can only be approximated. The 

for the alloys commonly used for stamped parts. The dis- accuracy and completeness of the parameter estimations, 

tribution of the strain will be dictated to an appreciable 55 doug with the time invariant assumption, limit the predicted 

extent by the geometry of the coil and the eddy current bank energy such that, even with care, significant error can 

density. The second question is, of course, related to the first be expected. However, this level of accuracy can be suffi- 

in that the plastic work is part of the energy required from d cnt in the initial process design stage. The real value of 

the bank. However it is usually the smallest fraction. Both of such a rou gh model lie more in assessing relative merits of 

the questions will lead back to a new pre-form design 60 competing designs than accurate predictions, 

iteration if the answers lie beyond the capabilities of EM The estimation of and R e proceeds by expanding the 

forming. The assessment of the EM energy required will parameters into their major constituent parts for separate 

quickly becomes the prime issue of the early stage of an evaluation. The effective system parameters are constructed 

MT-EM process design. To address this question, the simple as: 

geometry and energy method outlined below was developed. 65 

The method was generally based on others applied to L c =L a +L c +L, 5.2 

axisymmctric parts presented in the literature [Bruno, 1968] R e ^R g ^R c +R^R p 53 
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where the subscripts B, C and 1 stand for bank, coil and 

leads. The coil induction will include the effect of the ^ = i/yflci, 
coupling with the work piece and therefore indirectly also 
includes the work piece resistance effect. Work piece resis- 
tance generates and additional energy loss term due to eddy 5 fa best ratio can ^ quickly found. Using eq. 5.2, the 
currents which increases the effective resistance of the estimated system inductance, L,, can now be assembled and 
system as seen by the bank. This proximity resistance is ^ undamped frequency, required for the next step, 
represented by the p subscript term. It is important to keep hlltH 
the parameters for the bank-coil connecting leads separate can calculate - 

from the coil since the leads are not affected by the presence io Step 2: Estimate the coil, lead and proximity resistance, 

of the work piece and can be a major source of hidden with the system undamped frequency, u) 0 approximating 

inefficiency if not properly designed. It will be assumed the me damped frequency, a) dy the coil and leads skin 

parameters of the capacitor bank including the bus are d ^ of the ^cnt can be estimated with eq. 5.5 which is 

known from shunted tests. What remains is to estimate the - An . , . „ c . 4 - 

..... , . , . . , . the same as 3.17 but in terms of resistivity p. 

coil and lead parameters by methods consistent with the 15 

required accuracy of the bank energy prediction. The 55 

sequence of the following calculation steps are not critical as &= I 2 P 

long as the prerequisite values are available. V ^ 
Step 1: Estimate the coil and lead inductance: 

Given the initial design geometry and material of the coil 20 

and leads, the formulas found in Grover [Grover,] or other The resistance of the coil are calculated by the standard 

older electrical engineering handbooks can be applied. conductor resistance equation 
Curved coils (not doubled back) can be flattened and the 

inductance of more complicated branching geometries can pi 5.6 
be assembled as series or parallel combinations of simpler 25 R ~ ~A e 
geometries. Unless specified otherwise, the inductance cal- 
culated by these formula are for isolated coils and transmis- 
sion lines. The effect of the work piece and any surrounding were 1 is the conductor length and A f is the effective 
conductive, non magnetic, material will be to lower the conductor cross sectional area given by the product of cross 
inductance of the coil as seen by the bank. Close proximity 30 section perimeter and the skin depth. Note that eq. 5.6 gives 
of ferromagnetic material will have a smaller effect, but good estimates for conductor cross section aspect ratios <2. 
tends to increase the inductance of the coil. In either case, M ^ a ratios 5 6 will under estima|c the conductor 

the effect is fairly small after a few centimeters and is . . . . .„ . , , . ^ t , 

, J . t . t . . n , resistance since the current will not be evenly distributed 

therefore any change in coil inductance is chiefly due to the , , . ., . . , Al _ 

presence of the worksheet. Unless the leads are closely 35 the perimeter. In wide thin conductors, the 

surrounded by a metal duct or conduit, their open inductance ^ concentrate at the farthest edges of the conduc- 

value can be used. Texts and handbooks such as Grover tor so as to minimize the number of magnetic flux lines 

provide methods for calculating the mutual inductance of the encircling the current [Terman, 1947]. Just as for the induc- 

surrounding metal bodies and net effect on the coil or bus tance estimations, the resistance of the more complicated 

inductance. However, these calculations can become quite 40 branched coils such as a 3-Bar or multi-element leads, the 

tedious and much better results can be obtained from com- effective component resistance is formulated as series of 

mercial electromagnetic analysis programs with similar lev- parallel combinations of sub elements. The general form for 

els of effort. combining resistive (or inductive) elements can be found in 

Two other options are available for rinding component any elementary text on electric circuits and is provided here 

inductance values. First, the flat plan of the coil work face 45 f 0 r completeness 
can be translated from the design to a thin sheet of metal 

with electrical properties similar to the proposed coil. The n 1 parallel 

inductance of this flat coil mock-up can be measured while — = ^] — + — + + — 

covered by a plastic or paper layer and metal sheet simu- 1 1 2 " 

lating the work piece. The inductance measurement instru- 50 „ 

ment used must be able to measure in the micro henry range R e - ^ R l + r 2 + ... + R n 

and supply an excitation signal of approximately the same i 

frequency as expected from the completed system. If the coil 

is easily to prototype, more accurate results can be obtained 

if not constrained by the accuracy of the induction meter. 55 Proximity resistance is the increase in effective system 

A simpler method is to use existing data from several coil resistance seen by the bank, due to the energy supplied to 

face geometries and sizes that are candidates for the general resistance heating of the work piece. The power loss per unit 

type of EM which have been mocked-up and measured as area of surface with conductance, a, and incident magnetic 

described above. Examination of data generated from an field, H s , is given by Stoll [Stoll, 1974] as 

inductance test for a mock-up similar in plan to the door trial 60 

coil as a general class of the trial parts, show that the ratio H ] 

of covered to open inductance, for intermediate frequencies P= 2cn5 
around 10 k Hz, is approximately 0.25 for open inductance 
of 2.0 micro henry or less. The ratio drops to about 0.12 for 

open inductance of about 8.0 micro henry. Using the open 65 which can be written in terms of flux density, B i9 and eddy 

coil inductance and the bank capacitance and the frequency current area and related to part of the effective resistance 

relation by the coil current. 



6,050,120 

35 36 

using such relations would however violate the simplicity 

( b} V A e \ l 5 7 tcnct set down for this pencil and paper analysis. The 

~ Xjurd) ~P development of constitutive relations for plastic flow in the 

EM regime may be further explored. For these reasons the 

5 purpose of this rough model may best be served by using an 

Where a is the conductance of the work piece \ c is the coil elementary, ideal plastic relation for assessing plastic work, 

current generating the eddy current through B. in area A e . If Assuming ideal plastic behavior eq. 5.7 becomes 
the work piece is within a few millimeters of the coil face j\. 

can be approximated by the area of the coil elements facing - a or T f - A «rifel7 5-8b 

the work piece. Except for branched coils like a 3-Bar, the 10 s ~ c e £i 
coil current is the same as the bank current. This system 
resistance term will generally be small in comparison with 

the others and can therefore often be neglected, at least Determining a proper value for constant flow stress is an 

initially. If this term is included its assessment will be more obvious source of additional error. In the absence of material 

direct when the required flux and current are determined. 15 data, the average of the yield and ultimate strengths might be 

Step 3: Estimation of the system effective current used to take rough account of the thermal softening. 

The estimation of is the key to this method since it is Step 3b: Determination of the kinetic energy desired for 

the common factor in the inductive and resistive energy work piece. 

groups. Estimation of \ B requires quantities calculated in Free form coupon test data indicated that for ductile 
four sub steps to be acquired first. 20 aluminum alloy, a velocity of about 200. m/sec. will be 
Step 3a: Estimation of the plastic work required sufficient to ensure the benefits of inertial suppression of 
Given the initial pre-form geometry and the final desired local necking. The kinetic energy is approximated by con- 
part shape, the energy needed for plastic deformation can be sidering the deforming sheet area as a free body, ignoring the 
estimated using: restraining forces of the tensile stress in the sheet along the 

25 boundaries of the deformation area. This approximation 

5.8 assumes the energy in the work piece at any time during 
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deformation is the superposition of kinetic and strain ener- 
gies. The boundary is defined as the contour line represent- 
ing some arbitrarily small iso-strain. This contour line will 
Where proportional loading and uniform condition, such 30 usually be close to the perimeter of the coil. The kinetic 
as plane strain is assumed. The full details of choosing a energy term is then given using the coil face area, A c , the 
constitutive equation, detennining the limits of integration sneet density, D, and thickness t„ by the familiar relation: 
etc. are available in any good text on metal forming. In many 

cases, a plane strain condition can be assumed and the final ± j 5 n 

strain level can be approximated by using a simple change 35 E k = -j" 1 ^ = 2 " £>/ * cfjv2 

in line length, ignoring redundant work. 

A constitutive equation which is simple, fairly accurate, 
includes prestrain and whose constants, n and K, are avail- During deformation, after the acceleration period, the kinetic 
able for many alloys of interest is given by: energy is transferred into plastic work. If the acceleration is 

40 large, the period is short and the strain produced during it 
o=K(to+t)" 5.9 will be small. The magnetic energy absorption of the work 

piece can then be considered as a serial transfer process of 
If the plane strain condition is assumed, the strain energy can magnetic field energy to kinetic energy which is dissipated 
be written as: by plastic work and other non-conservative terms (which are 

45 ignored). This implies a constant mechanical energy term 
VT A e tK U 2 Y +i Yf 510 such that; 



tt A c tK \( 2 Y +l Yf 



£ >< =£ Jk +£>constant 



UK 



Equation 5.9 will produce acceptable results if the required 50 Acce P tin g ^ analysis provides a means to determine 
strain is rather small, less than static failure strain. However, minimum work piece velocity. 
EM forming will often be used to produce plastic deforma- 
tions beyond the static failure strain where eq. 5.9 and 5.10 j 2E 3 512 
are not defined. Applying eq. 5.9 in such cases will likely 
seriously over estimate the plastic work. One reason for the 55 
over estimation is that the energy levels required to obtain 

the high plastic strains will likely induce local current From experience it is seen that velocity should not be less 
heating with a corresponding reduction in flow stress. A than 100 m/sec to maintain a minimum level of neck 
solution to this problem might be to use a constitutive stabilization. 

equation, such as the Johnson-Cook relation, 60 Step 3c: Calculation of the acceleration distance from the 

magnetic pressure. 

<j\ The total energy of the work piece at any time during 

1 + J [1 " (r n deformation, E^+E*, must be supplied by the magnetic field 

generated by the coil. Initially the magnetic field or flux is 
65 confined, by the opposing field of the eddy currents, to the 
which accounts for thermal effects and larger strains stand-off volume between the work sheet and the coil. This 
[Johnson,1983]. The attended complexity involved with compression of the magnetic flux generates a pressure, 
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analogous to a fluid pressure but acting only on the sheet and 

the coil. The magnetic pressure is define as: i-n 2 _ 5.15 



2^o 



2/io 



where AV is the volume swept out by the sheet while P m is 
acting. However, the coil must first fill the stand-off gap 

where B, and B 0 is the flux density on the coil and opposite ^ olurne > ^ flux JPf ncrate P « "K** ^ ener Sy 
•j r*u u T r» l. j * • j *f *u ♦ p density of a magnetic field is given by 

side of the sheet. B 0 can be determined if the penetration or ' ° 

the magnetic field into the sheet is known. The differential 10 ^ fl 

equation which describes the diffusion of a magnetic field e = -^w 2 , but H = — 

into a conductor has the same form as heat diffusion (the 

Laplace equation); the form of the solution is therefore also 

the same. Hie instantaneous value of magnetic field in the 15 50 mat magnetic energy in the initial gap is: 
sheet at depth y as a function of the surface value, skin depth 5 ^ 

(6), frequency is, from a derivation by Stoll [Stoll, 1974] as; E g = — Bf v g 

H-H^e-W* cos (orc-|y|/6). This equation indicates that the 2/i ° 
magnetic flux density, B, (B^^oH) in the sheet has a loga- 
rithmic decay and lags the coil side surface by \y\/b radians. 20 Therefore, the portion of the coil flux energy E/, used to 
If the skin depth is equal a fourth of the sheet thickness the 8 enerate velocit y strain of me work P iece j 5 me ™ m 
flux magnitude will be less than 2% of the coil side. ^ac^ent 8 ^ P 
However, this condition will seldom be met when forming 

thin gage sheets with large coils. Fortunately because the ^ 2 5 17 

flux density appears as a square term in 5.11 a, fairly high e* c - — Bfv g + -^-Bfw 

flux leakage can be accepted. A 25% flux leakage through w 
the sheet will reduce P m by only about 6%. If it is desired to 

take leakage into account a estimated leakage ratio, can be By combining eq. 5.15 , 5.16 and 5.17 to eliminate the 
included such that B^-tjB, and -nee - * 6 so that the magnetic 30 common terms gives a relationship between coil energy and 
pressure becomes: ° system parameters. 



2/* 



, „ Dt s nu> d v 5.18 

35 



Note that eq. 5.16 estimates only the fraction of the total coil 
P m can also be defined in terms of the force require to energy that is generating the pressure on the sheet. The 
accelerate the work piece to the chosen kinetic energy remainder is contained in the rest of the magnetic field 
velocity, v, and a selected interval. ^ surrounding the coil. Total energy of an inductor can be 

For a heuristic argument, it is noted that experimental found if the product of magnetic field and differential 
evidence in free forming indicates that the usual EM event volume is integrated over the volume that the field occupies, 
scenario is a rise to peak velocity deceleration period. 
During deceleration, the remaining kinetic energy is dissi- 
pated into plastic work, gas compression and heat. If the 45 
work piece strikes a die face, there will be additional losses 
due to impact. In this first approximation of required bank 

energy, gas compression, deformation heating and die The field volume integral can be broken into the sum of the 
impact are considered negligible. Assuming uniform accel- work g a P volume and the remainder, 
eration over the first 1/n current cycle, 50 
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_ . , . r t . 55 The coil field fraction K,., is the ratio of the field energy 

fixes the required magnetic pressure in terms of velocity v, to me work piece t0 me total energy of the coil 

sheet thickness t„ sheet density, D and damped frequency at: during me ^ cycle which can ^ wntten as: 



Pm= — 



ma t s Drui> d v 5.14 . 5 20 

~A~ C = 2jt 60 



SSfy 



BdV 

1 v-v. 
— = 1 + - 



The magnetic pressure acting on the sheet during the defor- JH~ Bdv 

mation represents the energy that the coil is feeding into the 9 

sheet which is required to be equal to the kinetic and strain 65 

energy terms. The form of this relation is analogous to that 5. 18 simply states that if the work piece completely sur- 

for an ideal gas: rounds the coil all the coil energy can be used. However, for 
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most sheet forming not more than half the field can be Uniform acceleration and plastic strain 
applied in which case the coil field energy will be twice that Constant temperature 
given by eq. 5.16 so that the total required coil energy is _ . , 

estimated by Truncation to a single cycle 

5 The EM forming energy prediction method presented 
l r Dt,no) d v i 5.21 above was applied to the automobile hood and door inner 

= j£[2*(1-j ? 2 ) V * + £a '] part feature trials. The details of the part feature geometry, 

process and tooling design and trial results will be presented 
in sections. For discussion of the estimation method only, 
Step 4: Assembly of the estimate the energy required from io selected results of the analysis with comparisons to data 
capacitor bank. taken during the trials are presented here. Table 5.2 sum- 

With E c and L c the effective discharge current, 1^, can be marizes the predicted and measured system response char- 
calculated using the inductor energy relation. acteristics. Both parts were fabricated from 1.0 mm thick 

611 1-T4 alloy. The capacitor bank parameters used, includ- 
2jT~ 5.22 ing the bus system, measured at 10 kJ discharge are: 



1b = J -r- 

Magneform Capacitor Bank Parameters 
Capacitance«9.6E-4 farads 

\ B is the same for all elements in the circuit so that the Inductance=1.36E-7 henry 
estimated bank energy is given by: Resistance«2.26E-3 ohms 

TABLE 5.2 



Part 1 *" 


1^,H 


EM Forming Parameters For Bank Enerev Estimate 


Ac m 2 


V«,m 3 


Li,H 


Rc 1/2 


R*l/2 Kc Tj 


n 


€ 


Hood 


1.00E-7 


5.9E-8 


6.20E-4 


1.57E-4 0.5 0.36 


4 


0.05 


1.12E-2 


1.12E-5 


Door a* 


1.93E-7 


2.59E-7 


1.06E-3 


4.2E-4 05 0.36 


2 


0.25 


4.06E-2 


4.06E-5 


Door bl 


1.04E-7 


2.28E-7 


4.43E-4 


4.2E-4 0.5 0.36 


4 


0.21 


1.74E-2 


1.74E-5 


Door b2 


1.50E-7 


1.22E-7 


9.0E-4 


2.0E-4 0.5 0.36 


4 


0.21 


1.74E-2 


1.74E-5 



A£ B = - (L B + U + U)f B + ( Rb + * c + R i + RjH T 
2* 

where T= — . 



To assess the eddy current resistance losses a value for R,,, 
is required. However, it will be more accurate to isolate the 
eddy current resistive energy term and to limit it to the 
acceleration period so that; 




Redefining it using equations 5.7, 5.13b and 5.14 produces 
equations 5.23b and 5.24. ^ 

^Eb = ^{L b + U^ * (Rb + Rc + Rt)f B T+ E P 5:23b 
^ _ Dt s a)<iv A e ^ 5.24 



If careful assessments are made of the component values of 
5.23, the predicted energy required should be a lower bound 
due to the truncation of the current to a single cycle. This 
estimate should be dependable enough to help in initial 60 
design decisions, especially if used as a comparative mea- 
sure for evaluating alternative coil and lead designs. Users 
should keep clearly in mind the simplifying approximations 
of this analysis: 

Constant lumped parameters 65 
Heuristically chosen acceleration period and minimum 
velocity 



TABLE 5.3 



Comparison Of Calculated And Measured Responses 





value 




R/2L 




Ib 


Part 


type 


rad/sec 


rad/sec 


joules 


amps 


Hood 


calc. 


58600. 


5150. 


16800. 


187000 




actual 


59800. 


5070. 


27000.* 


313700 




% error 


-2.0 


1.6 


-37. 


-40 


door I 


calc. 


41800. 


3150. 


68400. 


275000. 




actual 


43000 


4190. 


43200.+ 


188700. 




% error 


-2.8 


-25. 


58. 


45.7 


door Ila 


calc. 


47060. 


3327. 


33000. 


225000. 




actual 


NA 


NA 


48000.+ 


NA 




% error 


NA 


NA 


31.+ 


NA 


door lib 


calc. 


50500 


4090. 


22600. 


187000. 




actual 


46200. 


7896. 


24000.+ 


199000. 




% error 


9. 


-48. 


-6 


-6. 



+ limited die strike; * hard die strike 



To add some clarification to the data in Table 53, it should 
be noted that the hood shown indications of significant 
impact velocity in much of the forming area which would 
require energy not accounted for in the analysis. At a 
discharge level of 18 kJ, the hood feature was substantially 
formed with much less impact indicated. The error between 
the prediction and the 18 kJ test is -7% for energy and -6% 
for rms current. 

The door I preform geometry inner panel did not under go 
the 0.25 true plane strain that was calculated by line length 
change between the pre-form and desired geometries. The 
analysis assumes only stretching occurs during deformation. 
Even minor amounts of draw-in from surrounding material 
will reduce the strain levels in the EM forming area. Draw-in 
was evident in the door inner trials which reduced the 
measured strain to an average of approximately 0.16. The 



5.23 a 



35 



45 



5.24 

55 



F _ frith 5.25 
7" 2nd 
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predicted bank energy required for this level of uniform around the nose of the hood as originally intended. The 

plane strain is 41 kJ which reduces the predicted error to extended feature valley crease could not exhibit buckling or 

-5% for energy and 12% for rms current. restrict marks where the extended feature blended with the 

Door Da and lib used different coil designs with the same first form area. 

preform geometry. Coil Bl was a 3 -bar while lib was a 2 5 The amount of plastic strain required to complete the 

turn with the same face area of Ila. Three bar coils have hood crease was only a few percent. The fact that the sheet 

lower efficiency which is clear from the results listed in not ^ SU ppo rte d by tool surfaces during compression 

Table 5.3. Moreover, the method is considerably farther off was ^ problem to bc ^ EM pu]sc forming. 

in predicting me required energy in this case man for the Various ^ for constrainir ^ me preS sureareaofthe 

hood One consideration is that in the case of the hood, the 1Q dc fieId over tbe narrow m of the vall crease were 

metal requiring the most strain was covered more com- . , , „. . . . r , ' , 4k 

I \ * r\. & considered. High magnetic pressure outboard of the crease 
pletely by the high pressure area generated by the coil which u ,i , • • . i *u u * • m . 

: A \ c ^cK ~ . -j 4U . area would likely leave a impact mark m the sheet similar to 

is not true for the door 3-bar coil. However, this condition „ _,/ . . , , ^ _ . . . , . 

i * u »u it -t a • a - u* a restrike mark in matched tools. The solution arrived at was 
is more nearly met by the Da coil design and might therefore _ _ . . , 

* r *u t. ** j -5 .7~5 u the 3-bar coil concept The 3-bar coil concept was subse- 
account for the better prediction. The method may have . r , t „ - r . , , 

, j « w r , „ ♦ 15 quently also used in coupon tests. The coils for the hood and 

produced better results if closer attention was given to M J . . . . t r . . . „ . . - . . 

F 4 . . ~ . . . , 5u *u coupon tests are similar electrically in that the center bar 

assessing the value of the coil ratio K, which describes the K . , . ■' r , . 

- ^. . . , c i j • * <* ^ * *u cames the total current and the each of the two outer bars 

fraction of the total coil field energy that is transferred to the ^ - , _ . fi 

work iece return half the total current. The 3-bar coil configuration is 

W °/ • «♦ . r. , , not as energy efficient as a single turn coil consisting of the 

In addition to providing an estimate of bank energy and its , , *~ . . TT - . , . & . lt 

- Jf 4 ... .» j « 20 outer bars of the coil only. However the 3-bar design is well 

general distribution m the system, this method provides a . r ' . . , ^7. , 

& c . . , . , * -1 * 4.1 smted to forming very high aspect ratio features which are 

means of assessing the internal impulse forces in coil and the A • i * • u* « ♦ * • i *i >t tc 

. • * % * »u * not very deep. A simple straight, flat, trial cod, 4.75 

co.l taction agamst us support structure once the system ^ „, ^ buy, Q f rectan^lar yelk>w brass bar stock 

current is estimated. For example, if the coil bar cross , A . . , & # / 

j . . * u * ♦ ^ and tested to vahdate the fundamental concept. The coil was 

section are round or some what square, the force generated _ . , . . fl » . t « 11T ^ /on « ft AAO 

. ... . li L- . « « • 25 pulsed against a flat sheet 6111-T4, (8.0 cmx35.0 cmxO.08 

between cod elements can be roughly estimated by using the F . "° . T , , . „ . . . . - 

, . r c , , . *, . . & cm) at 12. kJ, backup by a 2.5 cm thick sheet of neoprene 

relation for the force per unit length, 1, generated between /£r ! a . \ i_ ; J. > -a »u * * u . tl 

„ , . C1 , * , T i J?u . • _ (60 durometer) about twice as wide as the test sheet. The 

parallel current filaments I, and I,, d length umts apart given ^ ^ g ^ ^ same ^ ^ me ^ bar (1 Q ^ 

^" formed in the sheet the same length as the center bar, 

30 approximately 0.5 cm high and having a nearly parabolic 
cross section. The sheet outboard of the bead had a slight 
dihedral away from the bead but no wrinkles. A question 
remained as to how well a 3-bar would form a feature similar 

Of course, if the coil bars are rectangular and close together, to the hood crease around a radius like the nose curvature of 

5.25 will give a very poor estimate of the force between 35 the hood. Since the 3-bar design was inexpensive and easdy 

them. More accurate relationships for various cross section made from bar stock, a second trial cod fixture was budt and 

geometries can be found in older texts and handbooks of tested. The second three bar coil, 4.75 cm wide by 92.0 cm 

electric power engineering such as Grover [Grover, 1947]. long was constructed with a 15 cm radius through a 120 

The energy estimation method presented here is intended degree bend at the mid-point. A first trial cod was prepared 

only as a tool to aid in the early stages of a MT-EM process 40 with a test bead sheet and the second, mounted in a two half, 

design. Like any other tool it has limitations which can be plywood fixture, also with a test sheet. The top half of the 

accepted and possibly improved if clearly understood. In second cod fixture carried a plastic die insert to form the test 

addition the results avadable with such a tool are dependent, sheets against. Either stretch or compression beads could be 

to some extent on the skill of the user. The real value of such produced by interchanging the cod and the die insert from 

approximations lie in their use in comparing competing 45 the male half to the female. 

design ideas. AdditionaUy, estimation methods often aid in The results of the 3-bar trial cod tests provided an 

the generation of new ideas from which solutions follow. empirical basis for the design of the hood crease feature cod 

Full Scale MT-EM Trials along with an expectation of its efficiency. Geometrically, 

Initial coupon tests indicated a synergistic effect increas- the hood cod was quite similar to the curved trial cod with 

ing limit plastic strain levels was possible in combining 50 a few notable exceptions. First, the hood cod was not planely 

quasi-static and high velocity forming methods for alumi- curved. Second, it was not level across the bars in cross 

num alloy stamping. Experimentation with cod geometries section. The cod face needed to carry the same contours as 

and materials produced results that further supported the the hood vaUey crease area to be reformed within approxi- 

expectation of success at full auto body panel size parts. mately 1.0 mm to maintain good magnetic field coupling. 

Automobde Hood Feature Line Extension Trial 55 Last, the hood cod needed to be structurally self sufficient 

AUoy 6111-T4 hoods were in production at the time of the capable of resisting the internal forces generated during 

trial. The original design intention was that the valley operation with minimal reliance on containment by tool 

creases would run from each side of the wind screen, down material in which it was embedded. This last condition was 

the hood and around the nose to each side of the grdl insert. supported by the trial cod tests which indicated loss of 

During the prototype phase of production tool development, 60 efficiency when surrounded too closely by a contiguous, 

the vaUey crease could not be run to the grdl area without conducting, support form material such as steel or alumi- 

p reducing wrinkles in the hood nose. The problem was num. Conversely, epoxies and other polymers in heavy 

correcfly identified as bucking caused by unsupported com- section had alone, neither adequate stiffness or toughness to 

pression of the material as the tool attempts to shorten the contain the internal cod impulse forces attendant with the 

line length at the bottom of the crease traversing the hood 65 estimated pulse energy levels. 

nose. The object of this trial was to design and budd an EM FIGS. 19a, \9b and 19c show an approximate schematic 

tool which could extend the crease vaUey feature line(s) of the geometry of the hood cod. Contact between the outer 
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bars through the steel clamps was allowed since the outer Vacuum ports were provided on the top tool (the side that 

bars are at very nearly the same potential. Since the steel defines the sheet shape). With vacuum grease a vacuum of 

clamps were thin and parallel to the magnetic field they about 20 torr could be obtained. 

developed very little eddy current and therefore did not With respect to the automobile door trial, a geometry such 

reduce the coil force on the hood. Using the simple energy 5 ^ that shown in FIG. 20 could be produced by locking the 

analysis presented above, the peak coil current were esti- panel f^iy forming the angled hinge face. This precur- 

mated and applied to determining peak internal forces of the m shape was then reformed electromagnetically. This 

coil. It is these forces which size the clamping plates or tie gcometry was formed using on i y abo ut 35 kJ. 

rods used to maintain structural integrity of the coil. As m ^ velod formin after u ^ onsd forming can pro . 

reported earlier, a principal structural design rule for JQ ^ significantly enhanced total strains (about 30% in plane 

MT-EM coils is suffiaent strength to handle discharge forces ^ M of quasi . static ^-strain ma xmiize 

independent of the surrounding tool material. The peak . . , . ' *r . ^ i ft • c 

current was predicted to be 264000 amperes by the method total avad * ble strain Thermal softening was found to be an 

presented in the previous section. Internal forces of the coil, unexpected source of reduction in strain, 

tending to spread the coil bars apart, at peak current were taal notchin g 00111(1 ■* mitigated by protecting the 

estimated at 210 kN. Steel clamps were designed so that the 15 work P iece from ^at with a copper driver foil. A good coil 

span strength of the coil bars matched the load capacity of design, preferably one avoiding notches normal to stretch 

the clamps. The arrangement and size of the clamps shown direction, and uniform current density, also reduced thermal 

in FIGS. 19a, 19b and 19c resulted from the analysis of coil notching. The use of 5000 series aluminum may less subject 

current and forces with an additional safety margin provided to such problems. 

by the tooling material. 20 The use of intermittent EM pulses during die forming or 

The finished EM tools with the imbedded coil used for the other mechanical forming is shown to be useful in distrib- 

EM restrike of the hood feature are made from the new, iron uting strain in the forming process. 

filled castable product which is a room temperature cured, The geometry of FIG. 21 was found to be simpler to form 

epoxy like material. This material is currently being used in as compared to that in FIG. 20. A3-bar coil was used to form 

place of low melt temperature zinc alloys such as Kirksite 25 this geometry. Due to the relatively high lead inductance and 

for prototype and short run production. Cost of producing low coil efficiency, this panel could not be taken to failure at 

MT-EM tools for auto body parts using the new iron filled energies over 40 kJ, but significant forming was obtained, 

epoxy is significantly lower than alternative constructions The corner of a J -car door inner, whose hinge face was 

including the soft zinc metals. Additional advantages of the largely formed traditionally, is softened to avoid tearing, and 

material are that eddy currents are arrested due to the small 30 EM forming is used to finish the shape, as shown in the 

particle size of the iron filler while the mass, is about 70% schematics in FIG. 22. FIG. 22 shows where an embedded 

that of iron. Mass is a desirable property in MT-EM tools as coil may be supplied as a cassette. 

it supplements the tool material stiffness in providing local FIG. 23 shows an EM forming coil as it resides behind a 

resistance to deflection at high work piece impact velocities. mold face which is adapted to form a metal sheet into a 

Greater detail of the construction process for these castable 35 precursor shape followed by finishing with EM forming. 

MT-EM tools will be given in the section describing the door FIG. 24 shows an operator holding a cassette, containing an 

inner panel trial. EM forming coil, that fits into the balance of a correspond- 

The automobile hood trial demonstrates that the apparatus ingly shaped portion of a mold body, as it resides behind a 

and methods of the present invention allows sheet metals to mold face which is adapted to form a metal sheet into a 

be compressed without wrinkling, permits a formed panel to 40 precursor shape followed by finishing with EM forming, 

be restruck from an original/precursor shape to a final shape. FIG. 25 shows a plan view of an electromagnetic actuator 

The automobile door trial demonstrates that the apparatus coil used in accordance with the present invention. FIG. 25 

and method of the present invention allows one to extend the shows coil body 26 

forming limits of such metals as aluminum by for min g a FIG. 26 is a sectioned elevational view of an electromag- 

softened corner (i.e. approximately 4"x4"), and that the EM 45 netic actuator coil with inner and outer coil leads, 

forming may be used to finish the shape with higher strains. FIG. 27 is a sectioned view of the electromagnetic actua- 

These trials demonstrate that the apparatus and methods tor coil along A — A of FIG. 25. 

of the present invention may be made commercially viable FIGS. 25, 26 and 27 show coil body 71 bearing coil body 

in the formation of actual commercial metal parts. insulating tape 72. Also shown are flat outer insulating 

With respect to the example of the automobile hood 50 spacer 73 and flat inner insulating spacer 74; and curved 

mock-up it was found that the subject shape could be outer insulating spacer 89 and flat inner insulating spacer 88. 

achieved with a 3-bar coil which was both robust and simple FIG. 26 also shows outer coil lead 81 and inner coil lead 

to manufacture. A feature of about 40" in length could be 82, and corresponding negative bus lead 84 and positive bus 

formed at about 12 kJ. It was also shown that a bead could lead 84. Also shown is coil lead insulator plate 83 and bus 

be made in compression. 55 lead insulator plate. There is also a short tie rod insulator 

The 3-bar copper, wrapped coil was fabricated to conform sleeve 79 and washer 76 which, together with hex nut 78, 

to the hood contour and had internal clamps to react to forces hold short tie rod 80 in short tie rod insulator sleeve 79. FIG. 

on the coil during operation(see FIG. 25) The coil was 26 also shows bus lead insulator plate 90. 

embedded in General Motors STAMP metal/polyester FIG. 27 shows washer 76 and hex nut 78 holding long tie 

composite, as was the balance of the top and lower die. Over 60 rod 77 in long tie rod insulator sleeve 75, with flat inner 

30 discharges on a single embedded coil could be done insulating spacers 74 between portions of the coil body 72, 

without damage. The portipn(s) of the mold requiring the and flat outer insulating spacers 73 between portions of the 

EM coil preferably was cut out to form cassettes that coil body 72 and the washer 76 and hex nut 78. 

allowed iterative try-out and proofing, as well as modifica- FIG. 28 shows a side elevational view of the coil, lead and 

tion and maintenance. In some applications the same cas- 65 bus assembly shown in FIG. 26, showing coil body 72, coil 

sette space could be provided with cassettes having different lead insulator plate 83, 0.25-20 NCx0.88 soc hd scr 86 and 

coil numbers, variations and arrangements for restriking. 0.25 hard washer 87. 
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In view of the foregoing disclosure, it will be within the 
ability of one of ordinary skill in the art to make modifica- 
tions to the present invention, such as through equivalent 
alternative mechanical arrangements and/or the integration 
or separation of component parts, without departing from 5 
the spirit of the invention as reflected in the appended 
claims. 

What is claimed is: 

1. A mold body portion for forming a metal work piece 
into a target shape, said mold body portion comprising: 10 

a mold body portion having a mold side and a back side; 
said mold body portion comprising a resinous material 
and comprising at least one electromagnetic actuator 
imbedded in said resinous material, said at least one 
electromagnetic actuator having a non-planar, non- 15 
axisymetrical configuration. 

2. A mold body portion according to claim 1 wherein said 
resinous material comprises metallic flakes imbedded 
therein. 

3. A mold body portion according to claim 1 wherein said 20 
at least one electromagnetic actuator comprises opposing 
members, and a restraint across said opposing members 
adapted to resist movement of said opposing members when 
said electromagnetic actuator is supplied with current. 

4. A mold body portion according to claim 3 wherein said 25 
restraint comprises a clamp. 

5. A mold for forming a metal work piece into a target 
shape, said mold comprising: 
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(a) a male mold portion having a mold side and a back 
side; 

(b) a female mold portion having a mold side and a back 
side; 

said mold side of male mold portion and said mold side 
of female mold portion adapted to mate incompletely 
so as to deform a work piece disposed therebetween 
into a precursor shape, so as to leave at least one 
precursor area of said work piece to be finally formed; 

(c) at least one of said mold portions comprising a 
resinous material and comprising at least one electro- 
magnetic actuator imbedded in said resinous material, 
so as to be capable of further forming said at least one 
precursor area, said at least one electromagnetic actua- 
tor having a non-planar, non-axisymetrical configura- 
tion. 

6. A mold according to claim 5 wherein said resinous 
material comprises metallic flakes imbedded therein. 

7. A mold according to claim 5 wherein said at least one 
electromagnetic actuator comprises opposing members, and 
a restraint across said opposing members adapted to resist 
movement of said opposing members when said electro- 
magnetic actuator is supplied with current. 

8. A mold according to claim 7 wherein said restraint 
comprises a clamp. 

***** 
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